Ion processes and effects in CO₂ laser discharges by Shields, Henry
 
 
ION PROCESSES AND EFFECTS IN CO₂ LASER 
DISCHARGES 
 
 
Henry Shields  
 
 
A Thesis Submitted for the Degree of PhD 
at the 
University of St Andrews 
 
 
  
1987  
Full metadata for this item is available in                                                                           
St Andrews Research Repository 
at: 
http://research-repository.st-andrews.ac.uk/ 
 
 
 
Please use this identifier to cite or link to this item: 
http://hdl.handle.net/10023/14793   
    
     
           
 
This item is protected by original copyright 
 
(i)
ION PROCESSES AND EFFECTS
IN CO^  LASER DISCHARGES
A t la e s ls  
p re s e n te d  hy 
K S h ie ld s , BSc 
t o  th e
Dniyeysity oi St Andrexfs 
in application ;Eor the Degree 
oi Doctor oi Philosophy^,
ProQuest Number: 10166664
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10166664
Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 48106- 1346

(ii)
ABSTRACT
P re s e n t ly , a m a jo r f a c to r  r e s t r ic t in g  the achievem ent o f h i ^ e r  
power outputs from  the CO  ^ la s e r  is  the occurrence o f  plasm a i n s t a b i l i t y .  
This i n s t a b i l i t y  may m a n ife s t i t s e l f  in  two forms causing e i t h e r  d ischarge  
s t r ia t io n s  C io n is a tio n  i n s t a b i l i t y )  o r ,  more im p o r ta n t ly , d ischarge  
a rc in g  Ctherm al i n s t a b i l i t y ) .  Recent e x p e rim e n ta l and th e o r e t ic a l  work 
has id e n t i f i e d  these i n s t a b i l i t i e s  w ith  th e  e le c tro n  and io n  k in e t ic s  
o f the CO  ^ la s e r  d isch arg e ,
Tlie CO  ^ la s e r  d is c h a rg e , i t s  development fo r  h ig h  power o u tp u t and 
the c o n d itio n s  le a d in g  to  the two types o f  i n s t a b i l i t y  are  rev iew ed .
The req u irem en t fo r  f u l l  d a ta  on e le c tro n  and io n  processes fo r  d ischarge  
m o d e llin g  is  c le a r ly  e s ta b lis h e d ,
Tlie techniques in v o lv e d  in  mass s p e c tro m e tr ic  a n a ly s is  o f ions in  
gas d ischarge  plasmas are rev iew ed  and subsequently  a p p lie d  to  th e  CO2  
la s e r  d is ch a rg e . The m a jo r processes a f fe c t in g  the  p o s it iv e  io n  species  
in  CO2  la s e r  plasmas are determ ined  in  th is  way.
The im p o rta n t n e g a tiv e  io n  sp e c ies  in  th e  CO2  la s e r  plasm a are  
m ost e a s i ly  and com prehensively determ ined by com pu tationa l m ethods.
These methods have a llow ed  c o n s id e ra b le  in s ig h t  in to  the dominant n e g a tiv e  
io n  processes o f  the CO2  la s e r  d is c h a rg e . By a p p lic a t io n  to  s p e c if ic  
la s e r  s itu a t io n s - c o r re la t io n  has been shown to  e x is t  between io n  d e n s it ie s  
and the  onset o f e x p e r im e n ta lly  observed d ischarge i n s t a b i l i t y .
The e lu c id a t io n  o f the main io n  p rocesses , b o th  by mass sp ectrom eter 
and com puter, has c o n tr ib u te d  d e ta i le d  in fo rm a tio n  f o r  m o d e llin g  o f  the 
CO2  la s e r  d is c h a rg e , and i t s  i n s t a b i l i t i e s ,  in  a v a r ie t y  o f  c o n fig u ra tio n s ,
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CHAPTER ONE
THE DEVELOPMENT OF HIGH-POWER 
CARBON DIOXIDE LASERS
1.1 INTRODUCTION
Laser o p e ra tio n  u s in g  carbon d io x id e  gas was f i r s t  dem onstrated by 
P a te l (1 9 6 4 (a ) and ( b ) ) .  In f r a - r e d  r a d ia t io n  was produced a t  a power o f  
vlraW continuous-w ave (c  w ) and an e l e c t r ic a l  to  o p t ic a l  power conversion  
e f f ic ie n c y  o f  v lO  ^%, S ince then advances in  la s e r  design and technology  
have r e a lis e d  o u tp u t powers >10kW and e f f ic ie n c ie s  up to  v25%. CO^ la s e rs  
have found a p p lic a t io n s  in  c u t t in g ,  d r i l l i n g  and w e ld in g  o f  m a te r ia ls ,  
o p t ic a l  ran g in g  and ra d a r , com m unications, la s e r  s u rg e ry , is o to p e  
s e p a ra t io n , la s e r  fu s io n , p o l lu t io n  m o n ito rin g  and spectroscopy. The 
d iv e r s i ty  o f these a p p lic a t io n s  in d ic a te s  the v e r s a t i l i t y  and im portance  
o f the CO2  la s e r .
The most commonly used t r a n s i t io n  o f the CO  ^ m olecule fo r  la s e r  
a c tio n  is  th a t  o c c u rrin g  between th e  001 asymmetric s t r e tc h in g  v ib r a t io n a l  
le v e l  and the 100 sym m etric s t re tc h in g  v ib r a t io n a l  l e v e l ,  a t  vlO ,6pm  .
The v ib r a t io n a l  energy le v e ls  o f  the  CO2  m olecule are i l l u s t r a t e d  in  
f ig u re  1 .1 .1  w hich omits the r o t a t io n a l  s u b s tru c tu re  fo r  s im p l ic i t y .
P o p u la tio n  in v e rs io n , such th a t  the number o f  m olecu les  in  the 001 
upper la s e r  le v e l  is  g re a te r  than th a t  in  the 100 lo w er la s e r  l e v e l ,  
may be produced by s e v e ra l means b u t is  u s u a lly  ach ieved  by e x c ita t io n  
in  an e le c t r i c a l  d is c h a rg e . As the CO2  la s e r  has developed , so to o  has 
the understand ing  o f the vario u s  d ischarge c o n fig u ra tio n s  used to  e x c ite  
the gas.
The development o f  th e  la s e r  f o r  h ig h  power and e f f ic ie n c y  has 
depended on the design o f d ischarge c o n fig u ra tio n s  capable o f  a llo w in g  
h ig h  e l e c t r i c a l  power d e n s it ie s  b e in g  depos ited  i n  the gas a t  the h ig h e s t  
p o s s ib le  p ressure  and minimum in c re a s e  in  gas tem p era tu re . D ischarge  
c o n fig u ra tio n s  commonly used in  CO2  la s e r  design are discussed in  
s e c tio n  1 .2 ,  w h ile  the p h y s ic a l p r in c ip le s  in v o lv e d  in  producing  h ig h
power and e f f ic ie n c y  are d iscussed in  s e c tio n  1 .3 ,
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F ig u re  1 .1 ,1  Energy le v e l  d iagram  o f  Im p o rtan t v ib r a t io n a l  le v e ls
in  COg and f o r  la s e r  a c t io n .
In  p ra c t ic e  i t  is  found th a t  even though a p a r t ic u la r  la s e r  design  
allow s the use o f h ig h  gas p re s s u re , and provides adequate gas c o o lin g , 
the e l e c t r i c a l  in p u t power d e n s ity  may n o t be in c re a s e d  to  the  l i m i t  
p re d ic te d  by th e o ry . When la rg e  q u a n t it ie s  o f power are d e liv e re d  to  
the la s e r  gas, the d ischarge becomes m s tab l e ,  l im i t in g  the in p u t  
power d e n s ity  to  le v e ls  w hich a llo w  m i  form e le c t r i c a l  e x c ita t io n  o f  
the gas. Such in p u t  power le v e ls  are co n s id e ra b ly  g re a te r  than those  
e n c o m te re d  in  t r a d i t io n a l  glow d isch arg e  p h y s ic s , a lthough they are  
common in  axe d isc h arg es . Thus, technlq^ues to  m a in ta in  s ta b le  glow
discharges a t h ig h  in p u t  power d e n s it ie s  as in  h ig h  power CO^  la s e r s ,  
have had to  be in v e s t ig a te d  and developed . In  s e c tio n  1 .4  the o p e ra tio n  
o f a s te a d y ~ s ta te , s ta b le  COg la s e r  d ischarge is  d e sc rib ed . D iscussion  
o f the  two plasma i n s t a b i l i t i e s  o f  g re a te s t  im portance to  the  h ig h  power 
COg la s e r  -  the io n is a t io n  i n s t a b i l i t y  and the  th erm al i n s t a b i l i t y  -  
is  p resen ted  in  s e c tio n  1 .5 ,
I t  w i l l  become apparent th a t  the e f f ic ie n c y  and e le c t r i c a l  s t a b i l i t y  
o f the COg la s e r  are  determ ined by processes a sso c ia te d  w ith  the e le c tro n  
k in e t ic s  in  the  d ischarge fe g . e la s t ic  and in e la s t ic  e le c tro n  -  m olecule  
c o l l is io n s ,  io n is a t io n ,  e tc )  and are thus c h a ra c te r is e d  by a s c a le  s iz e  
o f the o rd er o f  an e le c tro n  mean f re e  p a th . This may be c o n tra s te d  w ith  
the c o n s id era b le  s iz e  o f  a h ig h  power la s e r  in c lu d in g  gas h a n d lin g  
equipm ent, e l e c t r i c a l  power s o u rc e , la s e r  c a v i ty ,  e tc .  N e v e rth e le s s , 
as w i l l  be shown in  th is  c h a p te r , i t  is  the understand ing  and c o n tro l  
o f the fundam ental e le c tro n  and io n  processes which have g re a te s t  
in f lu e n c e  on la s e r  perform ance,
1 .2  CARBON DIOXIDE LASER DISCHARGE CONFIGURATIONS
1 ,2 ,1  C o n ven tio n a l A x ia l  Flow Lasers
The i n i t i a l  COg la s e r  o f  P a te l  C l9 6 4 (b )) producing  vlniW cw power
used a dc e l e c t r i c a l  d ischarge to  e x c ite  "pure” CO  ^ gas. The la s e r  gas
flow ed  along a cooled c y l in d r ic a l  d isch arg e  tube and c o n ve n tio n a l dc glow
d ischarge  e x c ita t io n  techniques were employed. Subsequent COg la s e rs
were based on th is  design and a ty p ic a l  la s e r  o f th is  type is  shown
s c h e m a tic a lly  in  f ig u re  1 ,2 ,1 ,  O p e ra tin g  c h a ra c te r is t ic s  o f  these
devices depend on the dimensions o f  the d ischarge tube and the  gas
m ix tu re  used but fo r  a 2 ,5  cm d iam e te r tube o f Im le n g th , a gas p ressure
”"2o f  ^>10 t o r r ,  d ischarge  c u rre n t d e n s ity  vlOmA cm and v o lta g e  o f  'vlQkV 
are t y p ic a l .
Reflecting concave mirror Partially transmitting mirror
1b pump Cooling jacket
Ring
electrode
Output
beam
d l l Z r : :  r r  in
Ring Mirror
Alignment screw electrode alignment
screw
F ig u re  1 .2 .1  The c o n v e n tio n a l C0„ la s e r  -  dc e le c t r ic a l  e x c i t a t io n  in
a cooled c y l in d r ic a l  t i 6 e  and slow  a x ia l  gas f lo w  (fro m  F o s te r  (1 9 7 2 ) ) ,
A f t e r  the i n i t i a l  experim ent o f  P a te l  n itro g e n  was added to  the
flo w in g  COg C P atel C l9 6 4 (b )) , Legay~Soramaire e t  a l  ( 1 9 6 5 ) ) .  The v -  1
*“1v ib r a t io n a l  le v e l  o f the m o lecu le  has a wave nuirtoer o f  23 30 .7  cm 
which is  o n ly  18 cm  ^ less  than  the 001 asym m etric s t r e tc h  upper la s e r  
le v e l and th is  d if fe re n c e  is  much less  than  the average m o le c u la r th erm al 
energy (kT ^ 210 cm  ^ a t  300K) . Thus these two le v e ls  are  e f f e c t iv e ly  in  
resonance and s in ce  the  n itro g e n  m o lecu le  has no permanent d ip o le  moment th e ' 
t r a n s i t io n  from the v  -  1 le v e l  to  the  ground s ta te  ( v  = 0) is  fo rb id d e n  
(H erzb erg  (1 9 6 0 ))  , The n itro g e n  (v  — 1) le v e l  can enhance the 001 upper 
la s e r  le v e l  p o p u la tio n  b y  resonant energy t r a n s fe r  to  ground s ta te  CO  ^
m olecules (F ig u re  1 , 1 , 1 ) ,  The in c re a s e  in  p o p u la tio n  in v e rs io n  produced  
by th is  means le d  to  much improved perform ance, g iv in g  'V' lOW cw ou tput 
from  a 2m long la s e r  a t a conversion  e f f ic ie n c y  o f 'v 3% (P a te l  (1 9 6 5 ))  .
The n e x t advance in  CO  ^ la s e r  development was the a d d it io n  o f h e liu m  
to  the CO^-N^ m ix tu re , M o e lle r  and Rigden (1965) found th a t  a d d it io n  o f  
He to  pure CO  ^ gave g re a te r  power in c re a s e  than d id  a d d it io n . However, 
P a te l e t  a l  (1965) o b ta in ed  even b e t t e r  perform ance from  a 3-com ponent,
.5
s.
i
COg-N^-He m ix tu re , a c h ie v in g  a cw power o f 106W from a 2,3m  long device  a t  
6% e f f ic ie n c y .
I t  has been e s ta b lis h e d  th a t  He perform s s e v e ra l b e n e f ic ia l  fu n c tio n s  
in  the CO  ^ la s e r  gas m ix tu re . F i r s t ,  He a s s is ts  the achievem ent o f  
p o p u la tio n  in v e rs io n  by c o l l i s io n a l ly  d ep o p u la tin g  th e  low er la s e r  le v e ls  
(F ig u re  1 .1 . 1 ) ,  The c o l l is io n a l  d e -e x c ita t io n  o f the CO  ^ 010 and 020 le v e ls  
by He has been shown to  be an e f f i c i e n t  process (T a y lo r  and B ftte rm an  (1 9 6 9 ) ) ,  
Second, the h ig h  therm al c o n d u c tiv ity  o f He improves h e a t conduction  from  
the gas to  the cooled w a lls  and a co rrespond ing ly  reduced th e rm a l p o p u la tio n  
o f the 010 le v e l  (Laderman and Byron (1 9 7 1 ))  . F in a l l y ,  and most im p o r ta n t ly ,  
He lowers the E7N ( e l e c t r i c  f i e l d  to  gas d e n s ity  r a t io )  a t  which the 
discharge operates and improves the e x c ita t io n  e f f ic ie n c y  o f the  upper la s e r  
le v e l  (see s e c tio n  1 ,3 ) ,  Tlrus a gas m ix tu re  o f CO^, and He is  now w id e ly  
used as the la s e r  medium fo r  h ig h  power CO  ^ la s e rs .
In  e a r ly  d e v ic e s , the flo w in g  gas m in im ised  loss o f  CO  ^ by e le c t ro n  
in t a c t  d is s o c ia t io n , fo rm ing  CO and 0^ in  the process,
COgfzzz:^ CO + |0^
Advances in  understand ing  o f plasma chem ical p rocesses , p a r t ic u la r ly  those  
r e s u lt in g  in  re fo rm a tio n  o f CO^  from  CO and 0 ^ , le d  to  lo n g - l i f e  se a le d  
la s e rs  (Carbone (1 9 6 7 ) ,  W ittem an (1 9 6 7 ) ,  Dum itras e t  a l  (1 9 7 6 ) ) ,
The a p p lic a t io n  o f d ischarge s c a lin g  laws has re s u lte d  in  the development 
o f waveguide CO  ^ la s e rs  o p e ra t in g  in  a d ischarge c o n fig u ra tio n  s im i la r  to  
c o n ve n tio n a l la s e rs  b u t a t tube d iam eters o f  v l - 2  mm and p ressures o f  
~100 -  200 t o r r  (B ridges e t  a l  (1 9 7 2 ) , Degnan (1 9 7 6 ) ) ,  These la s e rs  o f f e r  
th e  a t t r a c t io n s  o f  compactness and la r g e r  tu n in g  range r e s u lt in g  from  the, 
in c re a s e  in  p ressure-b roadened  l in e w id th  a t  the h ig h e r  p re s s u re s ,
COg la s e rs  o f the c o n v e n tio n a l lo n g itu d in a l d ischarge  type d iscussed
%in  th is  s e c tio n  have the p ro p e rty  th a t  the output power sca les  appro x im ate ly  
w ith  the d ischarge le n g th , assuming gas tem perature and CO  ^ d is s o c ia t io n  
e q u i l ib r ia  e x is t  o ver most o f  the d is c h a rg e . Thus a cw power ou tp u t o f  
1 kW re q u ire s  a d ischarge o f  'v 30m, W h ile  th is  power may be produced w ith  
a c o n v en tio n a l design o f la s e r ,  o th e r  te  cliniques have been developed  
s p e c i f ic a l ly  f o r  h ig h  pow er, r e l a t i v e l y  compact d e v ic e s . Lasers u s ing  
co n vective  c o o lin g  o f the gas and volume e x c ita t io n  mechanisms are  
d e sc rib e d  in  the n e x t s e c tio n . Such la s e rs  have ach ieved many k ilo w a t ts  
outpu t from  c o m p ara tiv e ly  s m a ll d ischarge  volumes,
1 .2 .2  Convection Cooled Lasers
The c o n v e n tio n a l, a x ia l  f lo w  d ischarge  c o n fig u ra t io n  s u ffe rs  from  
t\fo s e rio u s  d isadvantages when used as a h ig h  power la s e r  source .
F i r s t l y ,  s in ce  the t r a n s i t io n  from  the 100 low er la s e r  le v e l  to  the  
COg ground s ta te  takes p lace  v ia  the 010 le v e l  (F ig u re  1 , 1 , 1 ) ,  s ig n i f ic a n t  
th e rm a l p o p u la tio n  o f th is  le v e l  a t fulgh gas tem perature  causes a 
’’b o tt le n e c k in g ” e f f e c t  w h ich  l im i t s  the a ch iev ab le  p o p u la tio n  in v e rs io n  
between the 001 and the  100 la s e r  le v e ls .  In  the co n v e n tio n a l 00^ la s e r  
gas co o lin g  is  ach ieved  by therm al d if fu s io n  to  the cooled  w a l ls ,  m ain ly  
by h ig h  therm al c o n d u c tiv ity  h e liu m . In  o rd er to  ach ieve h ig h  power ou tpu t  
i t  is  necessary to  in p u t h ig h  e l e c t r i c a l  powers, and s in c e  the th e rm a l 
c o n d u c tiv ity  i s ,  to  a f i r s t  ap p ro x im atio n , independent o f  power in p u t ,  the  
tem perature o f the la s e r  medium in c re a s e s  degrad ing  the p o p u la tio n  in v e rs io n  
and l im i t in g  the output power.
The second d e fic ie n c y  o f  the  c o n v e n tio n a l design is  th a t  a t the  low 
flo w  ra te s  employed the down-stream  p e n e tra t io n  o f  f r e s h , coo l gas is  
m in im a l. Most o f  the gas has reached a th erm al e q u il ib r iu m  such th a t  the  
th e rm a l ’’b o tt le n e c k in g ” e f f e c t  l im i t s  the ou tput power. However th is
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second e f f e c t  in d ic a te s  how the problem  o f  a c h ie v in g  v e ry  h ig h  o u tp u t 
powers can be s o lv e d . S ince the req u irem en t is  e s s e n t ia l ly  to  m a in ta in  
a s u f f ic ie n t ly  low gas tem perature  th a t  s ig n i f ic a n t  th erm al p o p u la tio n  
o f the  010 le v e l  does n o t o cc u r, then ra p id ly  f lo w in g  the gas through  
the d ischarge zone, such th a t  gas is  e x p e lle d  from  the d ischarge b e fo re  
reach in g  th e rm a l e q u il ib r iu m , m in im ises the th erm al in f lu e n c e  on the low er  
la s e r  le v e l  p o p u la t io n , Th is  is  the p r in c ip le  o f the E le c t r ic  D ischarge  
C onvection Laser (EOCL) ,
Many designs p roducing  m u lt ik i lo w a t t  cw power u s in g  convective  
c o o lin g  have been re p o rte d  in  the l i t e r a t u r e  Ceg. T i f fa n y  e t  a l  (1969 ) y 
E c kb re th  and Davis C19 7 1 ) , H i l l  (19 7 1 ) ,  Brown and D av is  (1 9 7 2 ))#
F ig u re  1 ,2 .2  shows the c o n fig u ra t io n  employed by E ckb re th  and Davis (1971 ) 
to  produce v2kW cw power. Th is  system uses a re c ta n g u la r  d ischarge  design  
(60  cm X 2 ,5  cm a re a  , 1 m le n g th ) , m u lt ip le  pass o p tic s  and gas flo w  
v e lo c i t y  o f  ^  100m s . S im ila r  te c h n iq u e s , b u t w ith  la r g e r  volum es, fa s t e r  
gas f lo w  and h ig h e r  power in p u ts ,  have been dem onstrated by H i l l  (197 1 ) , 
and Brown and D avis C1972) ,  y ie ld in g  'v20 kW cw power.
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F ig u re  1 ,2 ,2  The c o n v e c tiv e ly  cooled ÇO  ^ la s e r  design  o f  E c k b re th  and 
D avis  C1971) w h ich  has produced ^2kW cw power*
' %
De M a ria  (1973) has developed a tw o - le v e l model which i l lu s t r a t e s  the  
advantages o f using  co n vective  gas c o o lin g  fo r  h ig h  power la s e rs . Th is  
s im p l i f ie d  model a p p lie s  to  a p ressure-broadened  p a ir  o f  v ib r a t io n a l  le v e ls  
w ith  p o p u la tio n s  and in  the  lo w e r and upper le v e ls ,  r e s p e c t iv e ly .
These le v e ls  a re  pumped b y  the  d ischarge a t  v o lu m e tr ic  ra te s  and Rg. 
C o l l is io n a l  re la x a t io n  tim es f o r  the two le v e ls  are and T2 » and the  
f lo w  o f  gas through the d ischarge takes a tim e and a re  the
low er and uppôr le v e l  p o p u la tio n s  in  th e  absence o f s tim u la te d  em ission  
and (N^Q -  N^^) rep resen ts  the p o p u la tio n  in v e rs io n  b e fo re  s t im u la te d  
em ission  has d e p le te d  the  upper le v e l  and f i l l e d  the lo w e r. The th e rm a l 
" b o ttle n e d c in g ” is  thus d e s crib e d  by the in c re a s e  o f the lo w e r le v e l  
p o p u la tio n  from  to  due to  s tim u la te d  em iss ion . Ttie la s e r  in t e n s i t y
in  th e  gas is  I ,  hv is  the en erg y  o f  a la s e r  photon and cr is  the s t im u la te d  
em ission c ro s s -s e c tio n *  When l i t t l e  th erm al p o p u la tio n  o f  the le v e ls  
occurs Cgas tem peratu re  ^  400K f o r  the  CO^ la s e r  -  see s e c tio n  1 . 3 , 3 ) ,  
the ra te s  o f  change o f p o p u la tio n s  a re ,
The terms re p re s e n t p im ping by the  d is c h a rg e , c o l l is io n a l  r e la x a t io n ,
s tim u la te d  em ission  and the  flo w  o f fre s h  gas th r o u ^  the la s e r .
Under e q u il ib r iu m  c o n d itio n s  w ith  constant ou tp u t in t e n s i t y ,  gas
dN ^ ■ dN 2-f lo w  r a te  and p u ip in g  r a t e ,  =  0 , Hence, n o tin g  th a t  the p o p u la tio n
o f le v e l  1 in  the  absence o f  s t im u la te d  em ission  is  R^r^ in  e q u il ib r iu m , 4
( i e ,  ^  R^T^) and ^  R^T^, then
i?
#
«
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(1.2.2)
where a is  the gain  c o e f f ic ie n t  o f  the medium.
When th e re  is  no s t im u la te d  em ission  intensity then  
w -  aCO) =  cr(N2o "  N^^) ^  ^ ( 1 2^ X2  -  , ( 1 .2 .3 )
and a (0 ) is  the s m a ll s ig n a l ga in  c o e f f ic ie n t .  D e fin in g  the s a tu ra t io n  
in t e n s i t y ,  as
 ^ C l . 2 .4 )
S'
hv
C rp T p ) ^ r T ^ T j i )
th e n ,
dCO) 
1 i  XJ l ( 1 .2 .5 )
Thus, f o r  slow  f lo w  Cxp »  T g ) ,
I  a  — _s c t(t 2 ^ T i) (1.2.6)
and, fo r  fa s t  flo w , ( t y  ^l>'^2^^
F
( 1 .2 .7 )
w hich r e s u lts  in  an in c re a s e  in  s a tu ra t io n  in t e n s i t y  by a fa c to r  o f  
(.X i+ rg )/^ ? ^ ., and shows th a t  s a tu ra t io n  in t e n s i t y  in c re a s e  is  p ro p o r t io n a l  
to  gas f lo w  v e lo c i t y  fo x  fa s t  flo w s ,
Aa e q u a tio n  C l# 2 ,5 ) shows th e  g a in  c o e f f ic ie n t  in c rea se s  as th e  
S a tu ra t io n  in t e n s i t y  in c re a s e s  r e s u l t in g  in  a la rg e  p o t e n t ia l  ou tpu t from  
a f a s t  f lo w  d e v ic e .
The most serio u s  r e s t r ic t io n  on the development o f th e  E .D .C .L . has 
been th e  tendency f o r  th e  u n ifo rm  glow  e x c ita t io n  d ischarge  to  c o lla p s e  to
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one, o r m ore , h ig h  c u rre n t d e n s ity  arcs  (E ckbre th  and D avis  (1 9 7 1 ) ) .
D e ta ile d  a n a ly s is  o f  the fundam ental e le c tro n  and io n  processes in  the  
discharge has le d  to  an understand ing  o f th e  cause o f  th is  " th e rm a l” 
i n s t a b i l i t y  (N ighan and Wiegand (1 9 7 4 (a ) ) and o f o th e r  d ischarge i n s t a b i l i t i e s  
(N ig h a i and Wiegand ( 1 9 7 4 ( b ) ) ,  Haas (1 9 7 3 ))., Hence techniques have been 
developed which have im proved d ischarge  s t a b i l i t y  o v er a wide range o f  
o p e ra tin g  c o n d itio n s . These in c lu d e  r f  augm entation o f the  d ischarge  
(Brown and D avis (1 9 7 2 ))  and e le c tro n  beam i r r a d ia t io n  (see  s e c tio n  1 ,4 , 2 ) ,
The f a s t  gas flow s re q u ire d  f o r  convective  c o o lin g  and the r e l a t i v e l y  
la rg e  volume o f the EDCL r e s u l t  in  la rg e  q u a n t it ie s  o f  gas b e in g  used 
in  these d e v ic es . In  o rd e r to  avoid  the  excess ive  co st o f  c o n s ta n tly  
re p le n is h in g  the gas, gas r e c ir c u la t io n  is  employed. Thus, p re v io u s ly  
discharged  gas is  flow ed  th rough  h e a t exchangers and pumps and r e - in je c t e d  
to  th e  d is c h a rg e . In  th is  w ay, contam inants ' c re a te d  by plasma chem ical 
re a c tio n s  in  the d isch arg e  accum ulate in  the la s e r  gas , u n t i l  an 
e q u il ib r iu m  is  e s ta b lis h e d .
These contam inants can have a co n s id erab le  e f f e c t  on the  e l e c t r i c a l  
p ro p e r t ie s  o f  the  d isch arg e  (see s e c tio n s  1 ,4  and 1 ,5 )  and i t  has been  
e x p e r im e n ta lly  observed th a t  re c y c le d  gas must flo w  more r a p id ly  th ro u ^ i  
the d ischarge than f r e s h ,  c lean  gas i f  the onset o f plasm a i n s t a b i l i t y  
is  to be avoided ( H i l l  (1 9 7 1 ) ,  E ck b re th  and Owen (1 9 7 2 ) ) ,
1 ,2 ,3  H igh  Pressure  Pu lsed  Lasers
As the EDCL was b e in g  developed , so to o  were techn iques f o r  
o b ta in in g  la s e r  a c t io n 'f ro m  CO^-N^-He gas m ix tu res  in  a p u lsed  mode a t , 
o r n e a r , atm ospheric p re s s u re . The a t t r a c t io n s  o f h ig h  p ressure  o p e ra tio n  
are the h ig h e r  o u tp u t powers r e s u lt in g  from  in c rease d  00^ d e n s ity  and the  
in c re a s e  in  th e  p ressure-b roadened  lin e w id th  g iv in g  g re a te r  w avelength  
t u n a b i l i t y .  However the  in c re a s e  in  th e  d ischarge gap b re  ale down v o lta g e
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w ith  p re s s u re , and the d i f f i c u l t i e s  encountered in  m a in ta in in g  a s ta b le  
glow- d ischarge a t  h ig h  p re s s u re , have d ic ta te d  a design where the i n t e r ­
e le c tro d e  spac ing  is  r e l a t i v e l y  s m a ll few cms) and th e  d ischarge is  
p u ls ed . F ig u re  1 ,2 ,3  shows a common design o f TEA la s e r  ( %  ans verse  
E le c t r i c  e x c i t a t io n ,  ^Atmospheric p res su re ) , •
Coupling capacitor
Main discharge capacitor
Coupling copacitor
Auxllliory
electrodes
Auxilliary electrodes Triggered spark gap Sectional view
F ig u re  1 .2 ,3  Schem atic d iagram  o f the TEA la s e r  design  o f  Lariberton  
and Pearson (1971) (fro m  F o s te r  (1 9 7 2 ) ) ,
E a r ly  designs fo r  h i ^  p ressu re  o p e ra tio n  used m u lti-co m p o n en t  
e le c tro d e  s tru c tu re s  to  produce a q u a s i-g lo w  d ischarge (eg  B e a u lie u  (1 9 7 0 ))  
however a g re a te r  volume o f  gas can be e x c ite d  us ing  s o l id  e le c tro d e s .  
S uccessfu l use o f  s o l id  e le c tro d e s  was f i r s t  re p o rte d  by Lamberton and 
Pearson (1971) who ach ieved  glow d ischarges o f 'V'lOO ns d u ra tio n  using  
e le c tro d e s  p r o f i le d  f o r  e le c t r i c  f i e l d  u n ifo rm ity  and t r ig g e r  w ire s  to  
p ro v id e  p re io n is a t io n  o f the d isch arg e  gap (see f ig u re  1 , 2 , 3 ) ,
As w ith  the EDCL one advantage o f the TEA la s e r  is  th e  in c re a s e  in  
s a tu ra t io n  in t e n s i t y  w hich i t  o f fe r s  o ve r th a t  o b ta in a b le  w ith  the co n v e n tio n a l 
la s e r  design (s e c tio n  1 , 2 . 1 ) ,  From e q u a tio n  ( 1 ,2 ,6 )
T _  hv
's ct(t^^T 2 ) (1,2,8)
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fo r  s lo w , or zero  gas f lo w . The s t im u la te d  em ission c ro s s -s e c tio n , cr, 
decreases w ith  in c re a s in g  p ressu re  fo r  the case when the la s e r  l in e  is  
pressure-broadened  (B u l l is  e t  a l  ( 1 9 7 2 ) ) ,  Also c o ll is io n s  occur more 
f r e q u e n t ly  a t  h ig h  pressure  r e s u lt in g  in  s h o rte r  and , thus the 
s a tu ra t io n  in t e n s i t y  in c reas e s  w ith  p re s s u re , The g a in  c o e f f ic ie n t  
a =  cr(N2  -  N^) is  ap p ro x im a te ly  constant fo r  a pres sure-broadened  l i n e ,  
and the o p t ic a l  power d e n s ity  o f  th e  medium (a l^ )  is  in c re a s e d  a t  h igh  
p re s s u re . Thus a h ig h  o u tp u t power is  p o t e n t ia l ly  a v a i la b le  from  an 
atm ospheric p ressure  d e v ic e . For reasons concerned w ith  the e le c t r i c a l  
discharge s t a b i l i t y ,  th is  type o f  la s e r  cannot be operated  in  a cw mode, 
n e v e rth e le s s  p u ls in g  th e  d ischarge  a t  fre q u e n c ie s  vlOO p u lses p e r  second, 
w ith  ra p id  gas f lo w  c o o lin g , has enab led  mean output powers o f 'v2k V to  
be produced. Th is  is  c o n s id e ra b ly  less  than the s in g le  p u ls e  peak power
o f 'v lOOMW o f the same device (Dim an chin  e t  a l  (1 9 7 2 ) ) ,
In  o rder to  p re v e n t the u n ifo rm  glow discharge re q u ire d  fo r  la s e r  
e x c ita t io n  from  ra p id ly  d eg en era tin g  in to  h ig h  c u rre n t d e n s ity  a rc s , 
s e v e ra l design fe a tu re s  have become c h a r a c te r is t ic  o f  TEA la s e rs . These 
in c lu d e  the use o f  p r o f i le d  e le c tro d e s , shaped f o r  u n ifo rm  e l e c t r i c  f i e l d  
in  the d ischarge gap (Rogowski (1 9 2 3 ) ,  Bruce (1 9 4 7 ) ,  Cliang (19 7 3 ) ) ,  and 
the p ro v is io n  o f some means o f  p re io n is a t io n  o f  the d ischarge medium.
Palm er (1974), has shown th a t a p re io n is a t io n  e le c tro n  d e n s ity  o f
O'10 cm is  necessary b e fo re  the m ain d ischarge can occur in  the glow
discharge form . Techniques s u c c e s s fu lly  used to  p re io n is e  the gas have
in c lu d e d  uv induced ph o to -em iss io n  from  a s o l id  cathode (Pearson and 
Lamberton (1 9 7 2 ) ) ,  v o lu m e tr ic  uv phot o i on is  a t i  on where the uv r a d ia t io n  is
produced by an a rra y  o f spark  d ischarges (R ichardson e t  a l (1 9 7 3 ))  and
e le c tro n -b e a m  io n is a t io n  o f  the la s e r  medium (s e c tio n  1 , 4 , 2 ) ,  Wood (1974) 
has rev iew ed  these and o th e r  s im i la r  techniques f o r  o p e ra tio n  o f  TEA la s e rs .
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The e le c tro n -b e a m  technique has been most s u cc es s fu l in  e x te n d in g  the 
d u ra tio n  o f th e  d ischarge p u lse  w h ile  s t i l l  m a in ta in in g  d ischarge s t a b i l i t y ,  
Hot^ever i t  is  a ls o  by f a r  the most expensive means o f s t a b i l i z in g  the glow 
d isc h arg e . The ro le  o f  e x te r n a l io n is a t io n  is  d iscussed in  d e t a i l  
in  s ec tio n s  1 .4 ,2  and 1 .5 .
1 .3  LASER OUTPUT AND EFFICIENCY
1 .3 .1  Pumping E f f ic ie n c y
The maximum a t ta in a b le  e f f ic ie n c y  o f  the CO  ^ la s e r  o p e ra tin g  on the  
10.6pm t r a n s it io n  is  41% -  the quantum e f f ic ie n c y ,  d e fin e d  as the r a t io  o f  
the  la s e r  photon energy to  the  energy re q u ire d  to  e x c ite  the upper la s e r  
le v e l  o f  a m o lecu le . In  p ra c t ic e  such an e f f ic ie n c y  cannot be ach ieved  i
s in c e  in p u t e l e c t r i c a l  energy n o t o n ly  punps the upper la s e r  le v e l b u t a lso  
is  d is s ip a te d  in  gas h e a t in g , e le c t r o n ic  e x c i ta t io n  o f  gas m olecules and Î
io n is a t io n .  Indeed  i t  is  necessary th a t  a f r a c t io n  o f the e l e c t r i c a l  
energy re s u lts  in  s u f f ic ie n t  io n is a t io n  to  s u s ta in  the d is c h a rg e .
P resen t knowledge o f  the e le c tro n  k in e t ic  processes r e le v a n t  to  an 
e l e c t r i c a l l y  e x c ite d  C0 2 '-'N^■"lle gas m ix tu re  is  s u f f i c i e n t l y  advanced th a t  J,
n u m e rica l s o lu t io n  o f  th e  Boltzmann e q u a tio n  y ie ld in g  th e  e le c tro n  energy ;
d is t r ib u t io n  has been p o s s ib le  (N ighan (1970) , Judd (1 9 7 4 ) ) ,  These 
processes in c lu d e  e le c t r o n -n e u t r a l  c o ll is io n s  ( r e s u l t in g  in  e la s t ic  s c a t te r in g ,  
r o t a t io n a l ,  v ib r a t io n a l  and e le c t r o n ic  e x c i t a t io n ,  io n is a t io n  and e le c tro n  
a tta c h m e n t), e le c tro n —io n  in te r a c t io n s  ( r e s u l t in g  in  recom bination ) and e le c t r o n  
e le c tro n  s c a t te r in g . The r e s u lt in g  non-M axsreIlian  e le c t r o n  energy d is -  ,4
t r ib u t io n  fo r  a p a r t ic u la r  gas m ix tu re  r e f le c t s  the co m p lex ity  o f  the  
e le c tro n  k in e t ic s  r e s u lt in g  from  the atom ic and m o le c u la r energy le v e ls  o f  
the la s e r  gas m ix tu re . -
The r e la t iv e  im portance o f  the  v ario u s  e le c tro n  in te r a c t io n  processes 
as the d ischarge E7N OS — e l e c t r i c  f i e l d ,  N — gas density is  v a r ie d  has ^
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been c a lc u la te d  by Nigban (19 70) fo r  a 1 0 -1 0 -8 0 , CO^-N^-He m ix tu re  by 
averag in g  the a p p ro p ria te  c ro s s -s e c tio n s  over the e le c tro n  energy d is ­
t r ib u t io n  -  see f ig u re  1 .3 .1 .  S im ila r  c a lc u la tio n s  have been perform ed  
by Judd (1 9 7 4 ) . S ince the energy gained from  the e le c t r ic  f i e l d ,  by an 
e le c tro n  between c o l l is io n s  is  eEA (where e is  the e le c t r o n ic  charge and
A is  the mean fre e  p a th ) ,  and s ince  is  in v e rs e ly  p ro p o r t io n a l to  gas d e n s ity ,
N , the param eter E/N is  a measure o f th e  average energy gained by the 
e le c tro n s  from  the e l e c t r i c  f i e l d .
F ig u re  1 ,3 ,1  shows th a t  as much as 70% o f the e le c t r i c a l  energy in p u t
to  the gas can be ch an n e lled  in t o  the 00^(001 ) upper la s e r  le v e l  and the
-1 6  2Ng (v  =  1 -8 ) v ib r a t io n a l  le v e ls  a t E /N  1 x  10 V cm , in  a 1 0 -1 0 -8 0 ,  
CO^-Ng-He m ix tu re . The v ib r a t io n a l  le v e ls  can e f f i c i e n t l y  p o p u la te  the  
upper la s e r  le v e l  by
COg (000 ) + Ng ( v )  > COg (001) + Ng ( v -1 )  ,
thus 'v 70% e f f i c i e n t  p o p u la tio n  o f th e  upper la s e r  le v e l  is  p o s s ib le .
Given the  corresponding e x c i t a t io n  e f f ic ie n c y  o f the CO  ^ (100 ) low er 
la s e r  le v e l  o f  < 10% and the quantum e f f ic ie n c y  o f 41%, then an o v e r a l l  
optimum la s e r  e f f ic ie n c y  o f 'v25% is  p o s s ib le  a t  optimum E7N,
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F igure  1 .3 .1  F ra c t io n a l t r a n s fe r  o f  e l e c t r i c a l  in p u t  power as a fu n c tio n
o f  E /N , c a lc u la te d  fo r  a 1 0 -1 0 -8 0 , CO«-N«-He gas m ix tu re  ( B u i) is  e t  n l , 
( 1 9 7 2 ) ) ,   ^ ^
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However, as f ig u r e  1 ,3 ,1  shows, the f r a c t io n  o f in p u t energy which  
is  d e p o s ited  in  the io n is a t io n  process is  ex tre m e ly  sm a ll a t  va lues  
o f E/N where v ib r a t io n a l  pumping o f the upper la s e r  le v e l  is  e f f i c i e n t ,  
and the  d ischarge can on ly  s u s ta in  i t s e l f  a t  h ig h e r E/N v a lu e s . Th is  
d i f f i c u l t y  may be overcome by p ro v id in g  the io n is a t io n  by some means o th er  
than from the pumping e l e c t r i c  f i e l d ,  eg, e lec tro n -b ea m  a s s is te d  la s e rs  
(see s e c tio n  1 , 4 , 2 ) ,  Thus a d ischarge w hich p rovides i t s  own io n is a t io n  -  
a s e lf -s u s ta in e d  d ischarge -  r e s u lts  in  a la s e r  e f f ic ie n c y  o f less  than  the  
optimum 25%.
The in c re a s e  in  la s e r  e f f ic ie n c y  made p o s s ib le  by using  an e z t e m a l  
io n is a t io n  source and o p e ra tin g  a t  the optimum E/N f o r  v ib r a t io n a l  pumping 
may be o f f s e t  by th e  a d d it io n a l  energy re q u ire d  to  d r iv e  the e x te rn a l  
source. However, when v e ry  h ig h  o u tp u t powers are re q u ire d , la rg e  power 
in p u t d e n s it ie s  must be d ep o s ited  in  the  gas. S e c tio n  1 ,5  shows th a t  
h ig h  in p u t power d e n s it ie s  can r e s u l t  in  d ischarge i n s t a b i l i t i e s  b u t th a t  
a d d it io n a l s t a b i l i t y  may be ach ieved  u s in g  an e x te r n a l source o f io n is a t io n .  
The s c a lin g  o f d ischarge in p u t  power d e n s ity  f o r  h ig h  power devices is  
discussed in  th e  n e x t s e c tio n ,
1 ,3 ,2  In p u t  Power D e n s ity
The e f f ic ie n c y  o f a h ig h  power CO^  la s e r  has been dem onstrated to  
rem ain 10-20% a t  h ig h  in p u t pow ers, p ro v id e d  adequate gas co o lin g  e x is ts  
(Brown and Davis (1 9 7 2 ) ) .  T h is  has en ab led  power o u tp u ts  exceeding  20 kW cw 
to  be achieved from  e l e c t r i c a l  in p u t powers of 150 kW, Tire fa c to rs  w h ich  
determ ine the s c a lin g  o f  power in p u t and h ence , a t  constant e f f ic ie n c y ,  
power ou tp u t are considered  in  th is  s e c t io n .
F or a d ischarge c u rre n t d e n s ity  o f J and an e l e c t r i c  f i e l d  in t e n s i t y  E ,  
the in p u t power d e n s ity  o f th e  d ischarge  is
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where is  the e le c tro n  d e n s ity , e is  the e le c t r o n ic  ch arg e , is  the 
e le c tro n  d r i f t  v e lo c ity  and N is  the n e u tr a l  p a r t ic le  number d e n s ity .
As discussed in  the p rev io u s  s e c tio n  ( 1 .3 ,1 )  the E/N  va lu e  w i l l  be f ix e d  
such th a t  s u f f ic ie n t  io n is a t io n  occurs in  a s e lf -s u s ta in e d  la s e r  d ischarge  
o r  such th a t  optimum v ib r a t io n a l  pumping occurs in  an io n is a t io n  a s s is te d  
device (see s e c tio n  1 .4  fo r  d iscu ss io n  o f  the  o p e ra tin g  E/N o f  the d is c h a rg e ),  
Lowke e t  a l  (1973) have found th e  e le c tro n  d r i f t  v e lo c i t y  to  be ap p ro x im ate ly  
p ro p o rt io n a l to  E /N , and fo r  a f ix e d  gas m ix tu re  is  thus constan t fo r  a f ix e d  
E /N .
E x p e rin ie n ta lly  i t  is  found t h a t  fo r  a given o p e ra tin g  pressure  o f  
a la s e r  ( i e ,  a g iven number d e n s ity ,  N) o u tp u t power is  op tim ised  fo r  a 
p a r t ic u la r  d ischarge  c u rre n t d e n s ity  ( i e .  a p a r t ic u la r  e le c tro n  d e n s ity , n ^ ) .  
This o ccurs , s ince  a t low c u rre n ts , e le c tro n  pumping o f  the  upper la s e r  
le v e l  is  weak w h ile  a t h ig h  cu rre n ts  e le c tro n  pumping is  s tro n g  b u t gas 
h e a t in g  s ig n i f ic a n t ly  po p u la tes  the low er la s e r  le v e l  (s e c t io n  1 , 3 , 3 ) .  
S im i la r ly ,  low pressures r e s u lt  in  slow  c o l l is io n s !  d ep o p u la tio n  o f  the  
low er la s e r  le v e l  w h ile  h ig h  N -values re q u ire  h ig h  e l e c t r i c  f ie ld s  to  
JO aintain the same E/N  v a lu e . The in c re a s e  in  E re s u lts  in  g re a te r  power 
in p u t and h ig h e r  gas te r p e r a tu re . Thus, fo r  a g iven  p re s s u re , gas m ix tu re  
and f lo w  r a te  th e  optimum n^/N  v a lu e  is  f ix e d  fo r  the la s e r  d ischarge  
u s u a lly  in  th e  range 10 -  10 ,
Hence, when th e  gas m ix tu re  is  s p e c if ie d  a l l  the param eters in  square 
b ra c k e ts  in  e q u a tio n  ( 1 ,3 ,1 )  are ap p ro x im ate ly  c o n s ta n t, and the in p u t power 
d e n s ity  sca les  w ith  th e  square o f  th e  gas p re s s u re . Brown and D avis (19 72)
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in  d e p o s itin g  160 kW power in  t h e i r  d ischarge c o n f ig u ra t io n , p roducing  a
- 3la s e r  ou tput power o f  27 IcW, achieved a power d e n s ity  o f  2W cm a t 30 t o r r .
At atm ospheric p re s s u re , th is  would enable  an in p u t power d e n s ity  o f  
'u 1 ,2  kW cm ^ to be a tta in e d  and a corresponding in c re a s e  in  o u tp u t power. 
However such fe a ts  are l im ite d  by th e  onset o f d ischarge i n s t a b i l i t i e s  
(s e c tio n  1 .5 ) .
The s c a lin g  in d ic a te d  by e q u a tio n  ( 1 .3 ,1 )  p re d ic ts  h ig h  in p u t power 
d e n s ity  and thus a h ig h  o u tp u t power from  a la s e r  assumi.ng the la s e r  e f f ic ie n c y  
is  unchanged as th e  in p u t power is  in c re a s e d . As the n e x t s e c tio n  shows 
th is  assumption is  one o f  constan t gas tem perature and is  no t always v a l id .  
N ev erth e les s  eq u atio n  ( 1 .3 .1 )  in d ic a te s  the d e s i r a b i l i t y  o f  o p e ra tio n  a t  
h ig h  gas pressure  f o r  th e  a tta in m e n t o f h ig h  la s e r  power,
1 .3 .3  Gas Tem pérature E f fe c ts
Preced ing  s e c tio n s  have shown th a t  h ig h  power o u tp u t and e f f ic ie n c y  
re q u ire  b o th  h ig h  in p u t  power and o p tim is a tio n  o f the d ischarge E/N f o r  e f f ic ie h 'l  
pumping o f the a p p ro p ria te  v ib r a t io n a l  energy le v e ls  in  CO2  and N2 . However 
the CO^  la s e r  is  known to  be h ig h ly  s e n s it iv e  to  gas tem p e ra tu re , and the  
p o p u la tio n  in v e rs io n  th a t  is  produced in  a device depends n o t on ly  on 
e f f i c i e n t  v ib r a t io n a l  pumping and d e p o s itio n  o f in p u t energy in  th e  upper 
la s e r  le v e l  b u t a lso  on the e f f ic ie n c y  o f  gas c o o lin g .
The m ost im p o rta n t e f f e c t  o f gas c o o lin g  a r is e s  from  th e  e x p o n e n tia l 
dependence o f  v ib r a t io n a l  p o p u la tio n s  on gas te m p e ra tu re . De M a r ia  (1973) 
has computed the  tem p era tu re  v a r ia t io n  o f the p o p u la tio n s  o f the v ib r a t io n a l  
le v e ls  o f CO^  ( f ig u r e  1 . 3 . 2 ) .  The c a lc u la t io n  assumes th a t a l l  le v e ls  
except the 0 0 1  upper la s e r  le v e l  are in  therm al e q u il ib r iu m  w ith  th e  gas 
and th a t  3% o f the CO^  m olecules a re  m a in ta in e d  in  the 001 le v e l by 
c o ll is io n s  w ith  N2 ( v = l )  , The Ferm i resonance between the 100 and 020 le v e ls
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( f ig u r e  1 . 1 , 1 ) and tk e  ra p id  decay from  the  0 2 0  le y e l  to  the  0 1 0  le v e l  
a llo w  these th ree  le v e ls  to  be describ ed  by the  same tem p era tu re . However 
they may o n ly  be considered to  be in  therm al e q u il ib r iu m  w ith  the 0 0 0  
ground s ta te  i f  e f f i c i e n t  c o l l is io n a l  r e la x a t io n  o f the 0 1 0  le v e l  occurs 
(e g . by He or H2 O ), Assuming th is  c o n d itio n  to  be s a t is f ie d ,  De M a r ia  
computes a sharp decrease in  the  p o p u la tio n  in v e rs io n  (Nqq^  ^ *" ^XOO  ^
tem peratures above 'v 500K,
zH 0202
Zosz> 100, 001a,0 (Lz21
100'
-31 0 1000
TEMPERATURE, K
F ig u re  1 .3 .2  F ra c t io n a l p o p u la tio n s  o f  the low er 00^ v ib r a t io n a l  le v e ls  
by gas h e a tin g . C o llis io n s  w ith  (v = l)  are assumed to  m a in ta in  a 
30% f r a c t io n a l  p o p u la tio n  o f  the CO2  (0 01 ) l e v e l .  (fro m  De M a r ia  (1 9 7 3 ))
A s im i la r  e s tim a te  o f th e  maximum a llo w a b le  gas tem peratu re  has been  
made by F ow ler (1972) from  c o n s id e ra tio n s  o f  the tem perature  dependence o f  
the sm a ll s ig n a l gain  , the s a tu ra t io n  in t e n s i t y  and the  maximum 
o p t ic a l  power d e n s ity  o f the medium The sm all s ig n a l gain  is
p ro p o r t io n a l to the  p o p u la tio n  in v e rs io n  (e q u a tio n  1 . 2 . 2 ) and ra p id ly  
decreases above tem peratures o f n, 500~600K, The s a tu ra t io n  in t e n s i t y  
in creases  due to  decreased c o l l is io n a l  depo p u la tio n  tim es and s tim u la te d  
em ission c ro s s -s e c tio n  (B u l l is  e t  a l  (1 9 7 2 ))  as tem p era tu re  in c re as e s  
(e q u a tio n  1 . 2 , 6 ) ) .  However the s a tu ra t io n  in t e n s i t y  is  much less s e n s it iv e
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than to  tem perature  v a r ia t io n  and thus the e f f e c t  o f  gas tem peratu re  on 
o p t ic a l  power d e n s ity  is  as shown in  f ig u re  1 ,3 ,3  (from  Fow ler (1 9 7 2 ) ) ,
Thus T < 6D0K is  re q u ire d  fo r  e f f i c i e n t  la s e r  a c t io n .
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F ig u re  1 ,3 ,3  C a lc u la t io n  o f  o p t ic a l  power d e n s ity  as a fu n c tio n  o f  T
and n fo r  a gas m ix tu re  o f  1 t o r r  COL, 1 t o r r  and 8  t o r r  He, The
e le c tro n  tem peratu re  is  1 ,0  eV (fro m  Fow ler (1 9 7 2 ) ) ,
C a lc u la tio n s  o f  th e  p o p u la tio n  o f  the 100 low er la s e r  l e v e l ,  and o f  
pumping e f f ic ie n c y  o f  the 0 0 1  upper la s e r  l e v e l ,  N2  (v  = 1 - 8 ) le v e ls  and 
the 100 low er la s e r  le v e l  (s e c tio n  1 . 3 , 1 ) ,  enab le  an e s tim a te  o f the la s e r  
output power and e f f ic ie n c y  to  be made fo r  a g iven  gas m ix , te m p e ra tu re , 
n^/N and E /N , P ro v id ed  these param eters rem ain constan t th e  in p u t power 
d e n s ity , and thus o u tp u t power w i l l  s c a le  as the square o f  the  gas p re s s u re . 
Since the d ischarge c o n fig u ra tio n  has l i t t l e  e f f e c t  on pumping e f f ic ie n c y ,  
f o r  a f ix e d  gas m ix , n^/N  and E /N , the perform ance o f  a la s e r  depends o n ly  
on the  co o lin g  mechanism.
Thus in  the c o n v e n tio n a l, a x ia l  f lo w  la s e r  in c re a s e  o f  p ressure  and 
in p u t power d e n s ity  w i l l  o n ly  r e s u l t  in  in c rea se d  o u tp u t power when the therma’^  
p o p u la tio n  o f  the low er la s e r  le v e l  (and the  0 2 0  and 0 1 0  s ta te s )  is  s m a ll.
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As the  gas tem peratu re  r is e s  to  v 500-600K the  p o p u la tio n  in v e rs io n  
decreas es , as does the la s e r  e f f ic ie n c y .  Thus s c a lin g  o f  in p u t power 
d e n s ity  w ith  p re s s u re , and hence o u tp u t power s c a lin g  ( a t  c o n stan t la s e r  
e f f ic ie n c y )  is  on ly  p o s s ib le  up to  'v 3 0 -4 0  t o r r  f o r  the c o n ve n tio n a l d e v ic e . 
The EDCL employs co n vective  ( f a s t  gas- flo w ) co o lin g  such th a t  the 
la s e r  gas is  exhausted from  the d ischarge  re g io n  b e fo re  the gas tem perature  
r is e s  to  'v 600K, Such la s e rs  thus a llo w  p ressure  s c a lin g  as long as gas 
th ro u g h -p u t is  s u f f ic ie n t  to  s a t is f y  th is  tem perature r e s t r ic t io n .  Large  
q u a n t it ie s  o f  energy may be dep o s ited  in  the h ig h  pressure  TEA device  
where the gas tem p eratu re  r is e  is  s m a ll f o r  th e  s h o rt d u ra tio n  d ischarge  
p u ls e . However h ig h  r e p e t i t io n  r a te  TEA devices do re q u ire  flo w in g  gas 
to  a s s is t  c o o lin g , (Humanchin e t  a l  (1 9 7 2 ) ) ,
The p reced in g  s e c tio n s  show th a t  v e ry  h ig h  power, e i t h e r  c\<r o r p u ls e d , 
may be o b ta in ed  when the E/N is  o p tim ised  and adequate c o o lin g  is  in c o rp o ra te d  
in  the la s e r  d e s ig n . However experim ents on both  the EDCL and the TEA 
la s e r  c o n fig u ra tio n s  have shown t h a t ,  even when bo th  these requ irem ents  are  
s a t is f ie d ,  th e  perform ance o f  d ev ices  is  l im ite d  by plasm a i n s t a b i l i t i e s .
Thus the  t h e o r e t ic a l  emphasis in  re c e n t years  has changed from  a study o f  
e x c ita t io n  p ro p e r t ie s  o f  the e le c t r ic a l  d ischarge to  an a n a ly s is  o f  the  
plasma s t a b i l i t y ,
1 ,4  THE STEADY-STATE PLASMA
1 ,4 ,1  S e lf -S u s ta in e d  D ischarges
In  a s teady s ta te  gas d ischarge th e  d ischarge param eters (n e u tr a l  
p a r t ic le  and e le c tro n  te m p e ra tu re , d e n s it ie s ,  and e le c t r i c  f i e l d )  are  
te m p o ra lly  in v a r ia n t  a t  a l l  p o in ts . The m a in ta in a n ce o f  a constant 
e le c tro n  d e n s ity  in  the plasm a re q u ire s  a ba lance  o f  e le c tro n  p ro d u c tio n
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and loss processes . These processes in c lu d e ,
(a ) d i r e c t ,  e le c tro n  im pact io n is a t io n  o f  n e u tr a l  s p e c ie s ,
e + AB > AB"^  + 2e ( k . )
1
(b ) d is s o c ia t iv e  attachm ent o f e le c tro n s  to n e u tr a l  m o le c u le s ,
e 4 - AB— $> A 4- B Ck^)
Cc) d is s o c ia t iv e  reco m b in atio n  o f e le c tro n s  and p o s it iv e  io n s ,
e 4- AB-------> A + B (k^ )
Cd) a s s o c ia tiv e  detachm ent o f  e le c tro n s  from  n e g a tiv e  io n s ,
a”' + B — —>AB + e (k^ )
where k  re p re s e n ts  the ra te  c o e f f ic ie n t  fo r  th e  a p p ro p ria te  p rocess.
O ther p o s s ib le  processes such as m u lt i -s te p  io n is a t io n .  Penning io n is a t io n ,
r a d ia t iv e  re c o m b in a tio n , th re e -b o d y  a ttach m en t, e t c ,  are  less im p o rta n t
in  the CO^  la s e r  plasm a (N ighan and Wiegand C l9 7 4 C b ))), However, one
process n o t d i r e c t ly  a f f e c t in g  the e le c tro n  d e n s ity , b u t necessary to
complete the m ajo r processes a f fe c t in g  p o s it iv e  and n e g a tiv e  io n  d e n s it ie s ,
is  the io n —io n  reco m b in atio n  process w h ich  may be tw o-body or th re e -b o d y , ie
A B -------^ A ^ B Ck^^)
or A * + + M  >AB 4 - M (k^  )
Processes (a )  and (d ) above r e s u l t  in  e le c tro n  p ro d u ctio n  w h ile
(b ) and Cc) r e s u l t  in  e le c tro n  lo s s , so th a t  the tim e dependence o f  the
e le c tro n  d e n s ity  may be d e sc rib ed  by 
dn
dt '"‘i  “ e " ‘'’d ‘"a “ e *' ‘' r  “e^ k .  n N -t k j  n N -  k  n N -  k^ n n , , C l ,4 ,1 )
where n ^ , N , n_ and n^ are the e le c t r o n ,  n e u t r a l  p a r t i c l e ,  n e g a tiv e  io n  
and p o s it iv e  io n  d e n s it ie s ,  r e s p e c t iv e ly .  I t  should  be a p p re c ia te d  th a t  the  
ra te  c o e f f ic ie n ts  k^^, k ^ , k^  ^ and k ^ , r e f e r  to  m ix tu re  w eig h ted  v a lu e s , 
f o r  exam ple, in  a C0 2 -N 2 -He m ix tu re , th e  a p p ro p ria te  k^  ^ v a lu e  is  th e  sum o f  
the  io n is a t io n  r a te  c o e f f ic ie n ts  f o r  CO^, ^ 2  and H e , w e ig h ted  accord ing  
to  the p ro p o rtio n s  o f  these gases in  th e  m ix tu re . Thus, in  o rd er to
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c o r re c t ly  w e ig h t the detachm ent and recom bination  c o e f f ic ie n t s ,  i t  is  
necessary to  know the d e n s it ie s  o f  th e  v a rio u s  species  o f  p o s it iv e  and 
n e g a tiv e  ions in  the d ischarge s in ce  these w i l l  re a c t a t  d i f f e r e n t  r a te s ,
( i e  the species have d i f f e r e n t  re a c tio n  c ro s s -s e c tio n s ).
A lso  i t  should be noted  t h a t  the loss o f e le c tro n s  by d if fu s io n  is  
o m itted  from  e q u a tio n  ( 1 , 4 , 1 ) ,  The d if fu s io n  loss term  (=  V^n^, where
Da is  th e  airib ipolar d if fu s io n  c o e f f ic ie n t  (see s e c tio n  2 , 2 ) )  is  o f te n  the  
dom inating  e le c tro n  loss term  f o r  c o n v e n tio n a l, a x ia l  flo w  la s e rs  where 
the p ressure  is  30 t o r r ,  and the d ischarge tube is  v  2cm d ia m e te r.
However f o r  EDCL^s and TEA la s e rs  d if fu s io n  is  in s ig n i f ic a n t  compared w ith  
attachm ent and reco m b in atio n  loss p rocesses . In  th e  EDCL the  d ischarge  
t y p ic a l ly  occurs in  a la rg e  volume en c losure  and w ith  a gas flo w  v e lo c i t y  
s u f f ic ie n t ly  ra p id  th a t  the gas re s id e n c e  tim e in  the d isch arg e  is  less  
than the c h a r a c te r is t ic  am bipo lar d if fu s io n  tim e . In  the TEA la s e r  the  
h ig h  p ressure  and s h o rt d u ra tio n  e le c t r i c a l  pu lse  are such th a t  e le c tro n  
d if fu s io n  to  the w a lls  has a c h a r a c te r is t ic  tim e lo n g e r th an  the d ischarge  
p u lse  d u ra t io n , Thus e q u a tio n  ( 1 ,4 ,1 )  r e fe r s  s p e c i f ic a l ly  to  d ischarges where 
tiie  e le c tro n s  are  produced and lo s t  in  b u lk  p rocesses.
In  the s teady s ta te  d n ^ J d t  •= 0 and eq u atio n  ( 1 ,4 ,1 )  y ie ld s
H  *  ’‘ d 5 ^ =  •  0 , 4 ,2 )
W hile  the processes o f io n is a t io n ,  attachm ent and reco m b in a tio n  are  
always p rese n t in  the CO  ^ la s e r  d is c h a rg e , the  in f lu e n c e  o f  detachment on 
the s te a d y -s ta te  depends on th e  s t a b i l i t y  o f  the n e g a tiv e  io n s . T h is ,  in  
tu r n ,  depends on the n a tu re  o f  the n e g a tiv e  io n  s p e c ie s . Thus, in  the  
absence o f  p r io r  Icnowledge o f  the n e g a tiv e  io n  species and t h e i r  s t a b i l i t y  
i t  is  necessary  to  c o n s id e r cases where no detachment occurs (s ta b le
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n e g a tiv e  io n s ) and where detachment is  e f f i c i e n t  (u n s ta b le  n e g a tiv e  io n s ) .  
Nighan and Wiegand (1 9 7 4 (b ))  have considered  such s itu a t io n s  and th e  
re s u lts  o f t h e i r  a n a ly s is  are  d iscussed below ,
(A) No detachment (k ^ 7 ^ 0 )
In  o rd e r to  understand th e  s tea d y  s ta te  o p e ra tin g  co n d itio n s  fo r  a 
s e lf -s u s ta in e d  d ischarge w ith  no detaclm ient, Nighan and Wiegand have 
determ ined  th e  dependence o f  the io n is a t io n ,  attachm ent and reco m b in a tio n  
c o e f f ic ie n ts  on E /N , P rev ious  c a lc u la t io n s  by N ighan (1970) have p ro v id e d  
e le c tro n  energy d is t r ib u t io n  curves f o r  v a rio u s  gas m ix tu re s  v i  E/N as 
a v a r ia b le  param eter. Thus th e  v a r ia t io n  o f  the r a te  c o e f f ic ie n ts  w ith  
E/N may be found by averag in g  the a p p ro p ria te  c ro s s -s e c tio n  Q(u) (where Q 
is  a fu n c tio n  o f the e le c tro n  energy u , expressed in  e le c tro n  v o l t s )  o v e r  
the d is t r ib u t io n  o f e le c tro n  e n e rg ie s , Hence f o r  process j ,
^ e ,k .(E /N )  =  ( ^ )  /  u f ( u ,  E /N )Q .(u )  du, ( 1 .4 ,3 )
 ^ 0
where k j  is  th e  r a te  c o e f f ic ie n t ,  e and m are the e le c tro n  charge and mass 
and f (u ,E /N )  is  th e  d is t r ib u t io n  fu n c t io n .
F ig u re  1 ,4 ,1  shows the  v a r ia t io n  o f  the r a te  c o e f f ic ie n ts  fo r  a 
5 -3 5 -6 0 ,  C0 2 -N 2 '^He m ix tu r e , when j  r e fe r s  to  io n is a t io n ,  a ttachm ent and 
recom bination  (w eighted  by a f a c to r  n ^ /N ) , as computed by Nighan and 
Wiegand (1 9 7 4 (b ) ) ,  The f r a c t io n a l  io n is a t io n  (n ^ /N ) is  assumed to be 10  ^
and th e  species  0  and CO2  a re  assumed to  be the p ro d u cts  o f  a ttachm ent 
and io n is a t io n  re s p e c t iv e ly .  The gas tem peratu re  is  no t s p e c if ie d .
As can be seen iro m  th e  f ig u r e  k^ n /N  is  much s m a lle r  than k . and kX ^ X a—16 2f o r  E/N va lu es  above v^2 x  10 V cm , Thus when no detachment is  p re s e n t ,  
the o p e ra tin g  p o in t  o f  a d isch arg e  which su s ta in s  i t s e l f  a g a in s t e le c tro n  
loss by attachm ent by p ro v id in g  i t s  own io n is a t io n  is  g iven  by the  E/N
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corresponding to  (p o in t  ’ a ’ in  f ig u re  1 ,4 ,1 ) ,
CXTCRNALLY; SELF-SUSTA INED  
S U S T A IN E D  r - “— .
i-n
,-12
( O ')
1 0
,.1S
NO  D E TAC HM EN T  n_/no»l
STRONG DETACH.  
n_/no« 1,-17
,-10
F ig u re  1 .4 .1  V a r ia t io n  o f  io n is a t io n ,  attachm ent and recom bination  
c o e f f ic ie n ts  w ith  E /N ,. computed by Nighan and Wiegand (1 9 7 4 (b ))  
fo r  t y p ic a l  CO  ^ la s e r  d ischarge  co n d itio n s  (see t e x t  fo r  d e t a i ls )
In  the case o f  N ighan and Wiegand^ s 5 ^ 3 5 -6 0 , C0 2 "'N2 '"He m ix  th is  would  
r e s u l t  in  an o p e ra tin g  E/N o f ~ 3 :x  lo "’^^ T  , a "value w hich is  h ig h e r  
than optimum fo r  v ib r a t io n a l  le v e l  pumping ( c f  f ig u r e  1 ,3 ,1  fo r  a 
1 0 -1 0 -8 0 , C0 2 'i^ 2 '”^® m ix tu r e ) ,
(B) S trong  detachm ent (k^  la rg e )
In  co n s id e rin g  the e f f e c t  o f  detachment on the o p e ra tio n  of the la s e r  
d ischarge N ighan and Wiegand (1 9 7 4 (b ))  have assumed the  process
O" j. CO > 0 0 2  d- e
to  be o p e ra t iv e , w ith  CO as th e  d e tach in g  agent. The gas m ix tu re  is  thus  
composed o f fo u r c o n s titu e n ts  (0 0 ^ ,N2 , He and CO), W ith  s u f f ic ie n t  CO 
p re s e n t, th e  d is s o c ia t iv e  attachm ent re a c tio n
e d* CO2  - > 0 "' d- CO
becomes n u l l i f i e d .  Thus, from  e q u a tio n  ( 1 ,4 ,2 )  the o p e ra tin g  v a lu e  o f E/N  
is  g iven  by th e  in te r s e c t io n  o f  th e  k^  ^ and k^  n^/N  curves (p o in t  % * in  
f ig u re  1 , 4 , 1 ) ,  corresponding to  an E7N o f v  2 x  10 V cm'", Th is  is  the
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lo w est E/N v a lu e  a t which the d ischarge  can s u s ta in  i t s e l f  and shows t h a t  even 
when attachm ent loss o f e le c tro n s  does n o t occur the d ischarge cannot be 
o p erated  under c o n d itio n s  corresponding to  the  optimum f o r  v ib r a t io n a l  
pumping (E /N  v 1 x  10 V cra^, see s e c tio n  1 ,3 , 1 ) .
When the e f f e c t  o f detachment is  no t s u f f ic ie n t  to  cancel e le c tro n  
attachm ent (s m a ll q u a n t it ie s  o f CO) then  the o p e ra tin g  p o in t  w i l l  occur 
between p o in ts  ’ a ’ and 'b ' in  f ig u r e  1 ,4 ,1 ,
Hence, w ith  s u f f ic ie n t  knowledge o f e le c tro n  p ro d u c tio n  and lo ss  
processes , th e  o p e ra tin g  E/N  of a s e lf -s u s ta in e d  d ischarge  may T-o a c c u ra te ly  
p re d ic te d ,
1 ,4 .2  E x te r n a l ly  S usta ined  D ischarges
As discussed in  s e c tio n  1 .3 ,1  the optimum E/N v a lu e  f o r  v ib r a t io n a l  
pumping in  a C0 2 -N 2 ’"He d ischarge is  in s u f f ic ie n t  to  s u s ta in  the io n is a t io n  
o f  the gas, A commonly employed method o f  p ro v id in g  e le c tro n s  fo r  the  
d is c h a rg e , so th a t  the E7 N can be lowered to o p tim is e  v ib r a t io n a l  pumping, 
is  the use o f a h ig h  energy e le c tro n  beam 150 keV) in je c te d  through a 
m e ta l f o i l  u n ifo rm ly  in to  th e  d isch arg e  re g io n  (Fensterm acher e t  a l  ( 1 9 7 2 ) ) .  
The m e ta l f o i l  is  u s u a lly  one o f  the d ischarge e le c tro d e s . The purpose  
of the beam is  to  p ro v id e  a c o n tro lla b le  secondary e le c tro n  p o p u la tio n  in  
the gas by io n is a t io n  o f  the n e u tra l species by the p rim a ry  e le c tro n  beam. 
These secondary e le c tro n s  can then be a c c e le ra te d  to  the energy o p tim is in g  
v ib r a t io n a l  pumping, by a p p lic a t io n  o f  a s u ita b le  E /N , In  th is  way the  
e le c tro n  d e n s ity  n^ and the la s e r  d isch arg e  E/N are decoupled.
The technique has been s u c c e s s fu lly  a p p lie d  to  TEA la s e rs  
CDaugherty e t  a l  (1 9 7 2 ))  and to  EDCL’ s (Hoag e t  a l  ( 1 9 7 4 ) ) .  However 
th e  p ro v is io n  o f  a h ig h  energy e le c tro n  source c o n s id e ra b ly  in crease s  the  
s iz e  o f the la s e r .  F or many a p p lic a t io n s  s u f f ic ie n t  d eco u p lin g  o f  the  
e le c tro n  d e n s ity  and E/N  may be ach ieved  by use o f  volume p h o to io n is a t io n  
by uv r a d ia t io n  (R ichardson e t  a l  (1 9 7 3 ) ,  Seguin e t  a l ( 1 9 7 3 ) ) .  The uv
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r a d ia t io n  is  n o rm a lly  p ro v id ed  by spark d ischarges and is  on ly  s u ita b le  
f o r  th e  pu lsed  TEA systems a t  p re s e n t.
D escrib in g  th e  e x te r n a l ly  p rov ided  e le c tro n  p ro d u c tio n  r a te  as S
e le c tro n s  p er m olecu le  p e r  second, eq u atio n  ( 1 .4 ,2 )  becomes
k i + kd 5^ + & = *  k* ST ' Ü ' 4-' )^e e
However Nighan and Wiegand C 1974(b )) p o in t  out th a t  f o r  e f f i c i e n t  decoupling  
o f n^ and E/N then  the e x te rn a l io n is a t io n  ra te  exceeds the  io n is a t io n  r a te  
( i e  in  f ig u r e  l , 4 , l , k ^  is  s m a ll a t  E/N  < 1 .5  x  10 V cm^) , Thus when 
detachment is  u n im portan t and attachm ent is  the dominant e le c tro n  loss  
p ro c e s s , th e  o p e ra tin g  E/N  is  such th a t  k^  — S /n ^ . From F ig u re  1 . 4 . 1 ,  such 
a p o in t  w i l l  l i e  between p o in ts  ^a  ^ and ’ o'* and E/N v a lu es  below  the s e l f ­
su s ta in e d  low er l i m i t  (p o in t  'b * )  become a c c e s s ib le .
I f  an E/N  below  p o in t  ' c  ^ is  re q u ire d  fo r  o p tim is a tio n  o f v ib r a t io n a l  
pumping then e lec tro n -^ io n  re  com bination is  th e  dominant e le c tro n  loss
process and the  E/N  is  such th a t
. =  Sr N n^ (1,4,5)
f o r  no detachm ent,
When s tro n g  detachm ent occurs ( s u f f ic ie n t  CO p re s e n t)  the attachm ent 
and detachment processes can be considered  to  cance l in  eq u a tio n  ( 1 .4 ,4 )  
and th e  e q u a l i ty  o f recom bination  and e x te rn a l io n is a t io n  determ ines the  
o p e ra tin g  p o in t  as in  e q u a tio n  ( 1 , 4 , 5 ) ,
1 ,4 .3  The P is  charge Char ac t e r is  t i c
Com putation o f  the e le c tro n  energy d is t r ib u t io n  fu n c t io n , from  the  
re le v a n t  cross'^section d a ta , as a fu n c tio n  o f  E/N  enables the subsequent 
com putation o f  io n is a t io n ,  attachm ent and e le c t r o n - io n  recom bination  ra te  
constants f o r  a g iven  gas m ix tu re .
The detachment process depends more s tro n g ly  on the gas tem p era tu re
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than th e  d ischarge E/N and may be considered constan t w ith  E/N fo r  a g iven  
d e n s ity  o f  de tach in g  species (Massey (1976) ch 1 2 ), In  a s teady s ta te  
discharge the e q u a li ty  o f  e le c tro n  p ro d u ctio n  and loss by these processes  
(and e x te rn a l io n is a t io n ,  i f  p re s e n t) enables the o p e ra tin g  d isch arg e  E/N  
to  be p re d ic te d  f o r  a g iven  gas m ix . When th is  E/N is  knoxm, v ib r a t io n a l  
p o p u la tio n  e f f ic ie n c y  may be e s tim a te d  (s e c tio n  1 , 3 , 1 ) ,  A lso the e le c tro n  
d e n s ity  may be found by s o lv in g  the s teady s ta te  s im ultaneous equations  
fo r  e le c t r o n s ,  p o s it iv e  and n e g a tiv e  io n s , i e ,
S e **
h  *  *  '" r  f - . .e e
i r N 2r n^N Cl.4.6)
n . ,n_n
\  ^  E T  *  ^ 2 r  ï Ç re e
— assuming twro'^.ody reco m b in atio n  o f  p o s it iv e  and n e g a tiv e  ions to  dominate  
over th e  th ree-body process ,
A ccurate  s o lu t io n  of the sim ultaneous equations ( 1 .4 ,6 )  depends on 
knowledge o f  the io n - io n  reco m b in a tio n  and detachment p rocesses . The ra te  
c o e f f ic ie n ts  o f  these processes shou ld  be w e igh ted  accord ing  to  the  
co n c en tra tio n s  o f the v a r io u s  p o s it iv e  and n e g a tiv e  io n  species in  the  
d is c h a rg e . Since th is  knowledge is  n o t p re s e n t ly  a v a i la b le ,  c a lc u la t io n s  
o f io n  and e le c tro n  d e n s it ie s -fro m  equations ( 1 ,4 ,6 )  m ust be s p e c u la t iv e ,  
Lowke e t  a l  (1973 ) and Judd (1974 ) have c a lc u la te d  e le c tro n  d r i f t  
v e lo c i t ie s  as a fu n c tio n  o f E/N  f o r  s e v e ra l gas m ix tu re s . Thus, i f  i t  were 
p o s s ib le  to e s tim a te  n^ a c c u ra te ly  from  equations ( 1 ,4 .6 )  the c u rre n t d e n s ity  
could be d e te rm in ed . T h is  would en ab le  a comparison to  be made between  
v o lta g e -c u r re n t  c h a r a c te r is t ic s  measured e x p e r im e n ta lly , and those computed 
from c a lc u la t io n s  o f the o p e ra tin g  E /N , n^ and d r i f t  v e lo c i t y .  A t p re s e n t
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such comparisons cannot be made s in ce  the e le c tro n  and io n  loss processes  
are n o t s u f f ic ie n t ly  w e l l  understood,
1 .5  PLASMA INSTABILITIES
1 ,5 ,1  The Io n is a t io n  I n s t a b i l i t y
The f i r s t  plasma i n s t a b i l i t y  to  be t h e o r e t ic a l ly  in v e s t igated fo r  
h ig h  power gas la s e r  d ischarge co n d itio n s  was the io n is a t io n  i n s t a b i l i t y  
(N ighan e t  a l (1 9 7 3 ) ) ,  T h is  type o f  i n s t a b i l i t y  m a n ife s ts  i t s e l f  in  the  
form o f s t r ia t io n s  -  s p a t ia l  and tem poral f lu c tu a t io n s  in  d ischarge e l e c t r i c  
f i e l d  and charged p a r t ic le  d e n s ity  -  observed in  the cw EDCL d is c h a rg e . 
E xp e rim e n ta l o b serva tio n s  o f  the f lu c tu a t io n s  in  v o lta g e  and c u rre n t in  a 
volum e-dom inated d ischarge have been made by Nighan and Wiegand ( 1 9 7 4 ( b ) ) ,  
w h ile  D o ug las-H am ilton  and M ani (1974) have e x te n s iv e ly  in v e s t ig a te d  
e le c tro n —beam s u s ta in ed  d ischarges where the io n is a t io n  i n s t a b i l i t y  occurs , 
(These authors r e fe r  to  the i n s t a b i l i t y  as an "a tta c lim e n t"  i n s t a b i l i t y ,  
b u t the mechanism is  id e n t ic a l  to  th a t  described  by N ighan e t  a l  ( 1 9 7 3 ) ) ,  
Th is  type  o f  i n s t a b i l i t y ,  and i t s  t h e o r e t ic a l  a n a ly s is  apply  
s p e c i f ic a l ly  to  volum e-dom inated plasmas where a l l  processes a f f e c t in g  
charged p a r t ic le  k in e t ic s  are  b u lk  processes and w a l l  e f fe c ts  (eg  d i f f u s io n ,  
w a ll  recom bination ) are n e g l ig ib le .  I t  should n o t be confused w ith  the  
s t r ia t io n s  observed in  d iffu s io n -d o m in a te d  low p ressu re  (u s u a lly  < 5 t o r r )  
glow d ischarges w hich have been t h e o r e t ic a l ly  t r e a te d  by Pekarek and 
K r e jc i  (1 9 6 1 ,1 9 6 2 ),
The f lu c tu a t io n s  in  e le c t r i c  f i e l d  and charged p a r t ic le  d e n s ity  move 
r a p id ly  through th e  d ischarge  such th a t  no v is ib le  s t r ia t io n  o f  the glow  
d ischarge occurs . However, they may be e a s i ly  d e te c te d  by e le c t r o s t a t ic  
probes in s e r te d  in to  th e  d is c h a rg e . Thus, a lth o u g h  th e  la s e r  medium
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appears u n ifo rm , the  o p t ic a l  q u a l i t y  o f the d ischarge w i l l  be d im in ish ed . 
More s e r io u s ly ,  th e  maximum in p u t power d e n s ity  is  n o t l im ite d  by gas 
h e a tin g  or gas pressure  (s e c tio n  1 ,3 )  b u t by the  on set o f i n s t a b i l i t y ,  
D ouglas-H am ilton  and Mani (1974) have observed th is  d ischarge power
l im i t a t io n  in  a 1 -1 ,  He-COg p u lsed  d isch arg e  a t 760 t o r r  which is  su s ta in e d
17 - 3  -1by an e le c tro n  beam p ro v id in g  'vlO e le c tro n s  cm s , In c re a s e  o f  the
s u s ta in e r  e l e c t r i c  f i e l d  above 'v 3600 V cm produces i r r e g u la r  f lu c tu a t io n s
in  the s u s ta in e r  c u rre n t d e n s ity  m onito red  a t the d isch arg e  anode. The
—2c u rre n t d e n s ity  is  u n ifo rm  a t  ^100 mA cm a t s u s ta in e r  e l e c t r i c  f ie ld s  
below  'v 3600 V cm
The n a tu re  o f  the io n is a t io n  i n s t a b i l i t y  has been com prehensively  
analysed by N ighan and Wiegand (1 9 7 4 (b ))  and the fo l lo w in g  d iscuss ion  is  
based on t h e i r  w ork. The equations  d e s c rib in g  the co n s erva tio n  o f  e le c tro n s  
and n e g a tiv e  ions c o n s t itu te  the b a s is  o f  the a n a ly s is , and are
— k.N n  -  k  Nh' ^ k  ,Nn -  k  n n_ ^  NSdt r e  a e d — t *  e
dn . ( 1 - 5 .1 )
d T  “
where the  terms have been d e fin e d  in  s e c tio n  1 ,4 ,1 ,  Two body io n - io n  
recom bination  is  assumed to  be more im p o rtan t than the th re e  body 
mechanism. S is  th e  v o lu m e tr ic  e le c tro n  p ro d u c tio n  r a te  from  an e x te rn a l  
source.
In  the s tead y  s ta te  b o th  tim e  d e r iv a t iv e s  a re  z e ro . B u t, to  ana lyse  
the e f f e c t  o f a f lu c tu a t io n  in  charged p a r t ic le  d e n s ity , a s m a ll a m p litu d e , 
tim e dependent component 6 n^ v  n^ ^^  w i l l  be assumed in  the s te a d y -s ta te
e le c tro n  d e n s ity  n^. The complex wave fre q u e n c y , w, is  such th a t  i f  
R^Ciw) > 0 , then the d is tu rb a n c e  <Sn^  w i l l  grow e x p o n e n t ia lly  in  t im e ,  
ie  the plasma w i l l  be u n s ta b le . Appendix I  shows th a t  the c o n d itio n
I t
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R^(iu)) > 0 is  e q u iv a le n t to
N
• /S /V -
k . k . -  k k  r  r  a a
6 E %  
E * dn ~  n k® J- ~  Nk a- —  ^  t  d
( 1 .5 .2 )
where k denotes the  lo g a r ith m ic  d e r iv a t iv e  o f k  w ith  re s p e c t to  the e l e c t r i c  
f i e l d ,  E , ie
k ^ l ^  1 1 .5 .3 )
(see Appendix I ) ,
In  the d e r iv a t io n  o f ( 1 ,5 ,2 )  constant gas d e n s ity  is  assumed so th a t  
th e  io n is a t io n  and attachm ent c o e f f ic ie n ts  v a ry  w ith  e l e c t r i c  f i e l d  
(see f ig u r e  1 ,4 ,1 )  b u t b o th  recom bination  c o e f f ic ie n t s ,  the  detachm ent 
c o e f f ic ie n t  and the io n is a t io n  source term are assumed to  be co n stan t w ith  
e le c t r ic  f i e l d .
The i n s t a b i l i t y  c o n d it io n , e q u a tio n  ( 1 , 5 . 2 ) ,  c o n s is ts  o f tw o, s q u a re -  
b ra c k e te d , term s. The f i r s t  r e f le c t s  th e  E/N dependence o f  the io n is a t io n  i 
and a tta d ira e n t r a te  c o n s ta n ts , or a t  constant p ressure  and te m p e ra tu re , the  
e l e c t r i c  f i e l d  dependence. The second te rra , in  w hich  a l l  c o e f f ic ie n ts  are  
p o s i t iv e ,  must always be p o s i t iv e ,  and thus c o n tr ib u te s  to  d ischarge J
s t a b i l i t y .  Thus d ischarge  s t a b i l i t y  depends on the m agnitude and s ig n  o f  
the f i r s t  term , In  o rd e r to determ ine the e f f e c t  o f th is  te rm  i t  is  
n ecessary  to  examine the r e la t io n s h ip  between f lu c tu a t io n s  in  the e l e c t r i c  
f i e l d  and the e le c tro n  d e n s ity .
Th is  r e la t io n s h ip  has been examined in  c o n s id erab le  d e t a i l  by Haas (1973)1  
and Nighan and Wiegand (1 9 7 4 (b ))  in  terms o f e le c tro n  momentum and energy  
exchange w ith  th e  e l e c t r i c  f i e l d ,  D oug las-H am ilton  and Mani (19 74) and J
Kovalev e t  a l (1974) have adopted a s im p le r ap p ro ad i and a rr iv e d  a t a :
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q u a l i t a t iv e ly  s im ila r  r e s u l t .  The r e la t io n s h ip  is  based on the c u rre n t  
d e n s ity ,
J =  n e p E ( 1 .5 ,4 )e
where e is  the  e le c tro n  charge and is  i t s  m o b i l i t y  which is  assumed to  
a f i r s t  approxim ation  to  be e l e c t r i c  f i e l d  independent. The p o s it iv e  and 
n e g a tiv e  io n  c o n tr ib u tio n s  to  the c u rre n t d e n s ity  are  n e g le c te d . The 
change in  c u rre n t d e n s ity  a r is in g  from  p e r tu rb a tio n s  in  n ^ , and E is  th e n ,
dJ =  e p E dn ^ e p  n <SE, ( 1 ,5 ,5 )e e e e
In  the absence o f  sources or s inks o f  c u rre n t in  the b u lk  d is c h a rg e ,
c u rre n t d e n s ity  w i l l  be c o n s ta n t, ie  dJ •= 0 , Thus, p e r tu rb a tio n s  in  e le c tro n  
d e n s ity  and e l e c t r i c  f i e l d  are  r e la te d  by
e
In  d e r iv in g  a d e ta i le d  r e la t io n s h ip  between e le c tro n  d e n s ity  and 
e le c t r i c  f i e l d  f lu c tu a t io n s  ( o r ,  e q u iv a le n t ly ,  e le c tro n  tem p eratu re )
Nighan and Wiegand (1 9 7 4 (b ) )  have determ ined a phase d if fe re n c e  o f 180° 
between p e r tu rb a t io n s , as in  e q u a tio n  ( 1 , 5 , 6 ) ,  The c o e f f ic ie n t  r e la t in g  
the p e r tu rb a tio n s  d e riv e d  by these authors depends on the e le c tro n  momentum
and energy t r a n s fe r  fre q u e n c ie s  and th e  angle between th e  i n i t i a l  p e r tu rb a t io n
and th e  e l e c t r i c  f i e l d .  However, a v a lu e  o f  v  -1  is  p re d ic te d  fo r  
t y p ic a l  CO  ^ la s e r  c o n d it io n s .
S u b s t itu t io n  o f  e q u a tio n  ( 1 ,5 ,6 )  in to  e q u a tio n  ( 1 ,5 ,2 )  shows t h a t ,  fo r
r* / \  /S —j ^the i n s t a b i l i t y  to  o cc u r, the  term j k . k .  -  k^k must be n e g a t iv e , i e ,  
k k
> 1. ( 1 ,5 .7 )
V ' i
However even i f  th is  in e q u a l i t y  is  s a t is f ie d  the  s t a b i l is in g  
in f lu e n c e  o f  the second square -b ra c k e te d  term  may p re v e n t the io n is a t io n
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i n s t a b i l i t y  from  o c c u rr in g .
C a lc u la tio n s  by N ighan e t  a l  (1973) fo r  a 5 -3 5 -6 0 ,  CO '^^N '^^He gas
m ix tu re , have shown th a t e q u a tio n  ( 1 ,5 ,7 )  is  s a t is f ie d  fo r  va lu es  o f
-1 6  2e le c tro n  tem perature  < 1 , 1  eV (co rresp o n d in g  to  a E/N < 2 x  10 ' V cm 
fo r  th is  gas m ix tu r e ) .  C o n s id e ra tio n  o f f ig u r e  1 .4 ,1  (computed fo r  the  
same gas m ix tu re ) shows th a t  m aintenance o f  the d ischarge below  E/N  =
2 X 10 V cm  ^ re q u ire s  s trong  detachment and /o r e x te r n a l io n is a t io n .
Thus th e  occurrence o f  io n is a t io n  i n s t a b i l i t y  does n o t a u to m a tic a lly  im p ly  
a la rg e  n e g a tiv e  io n  d e n s ity . However, w ith o u t the fo rm a tio n  o f n e g a tiv e  
io n s , e q u a tio n  ( 1 ,5 ,7 )  cannot be s a t is f ie d ,  and c le a r ly  a la rg e  loss  
o f e le c tro n s  in  a ttachm ent must be counterbalanced in  a s ta b le  d is c h a rg e .
At the r e la t i v e l y  low E /N  va lu es  where th e  c r i t e r io n  o f  e q u a tio n  ( 1 .5 ,7 )  is  
s a t is f ie d ,  io n is a t io n  is  n o t s u f f ic ie n t  to compensate f o r  e le c tro n  lo s s .
Thus e i t h e r  s tro n g  detachment a n d /o r e x te rn a l io n is a t io n  is  re q u ire d  to  
o f f s e t  the h ig h  attachm ent r a t e .  The s t a b i l is in g  in f lu e n c e  o f  these processes  
is  v e r i f i e d  by t h e i r  appearance in  the second, s q u are -b rack e te d  term  o f  
eq u atio n  ( 1 , 5 , 2 ) ,
Based on c a lc u la t io n s  o f the range o f E/N va lues  o ver w hich th e  
i n s t a b i l i t y  c r i t e r i o n ,  eq u a tio n  ( 1 , 5 , 2 ) ,  is  s a t is f ie d ,  N ighan and Wiegand 
(1 9 7 4 (b ) )  have computed the r a t i o  o f n e g a tiv e  io n  d e n s ity  to  e le c tro n  
d e n s ity , n ^ /n ^ , f o r  a 5 -3 5 -6 0 ,  CÜ2 -N 2 *"He m ix tu re . Knowledge o f  the  
v a r ia t io n  o f io n is a t io n ,  a tta ch m e n t, detachment and re co m b in a tio n  c o e f f ic ie n ts '  
over th is  E/N  range make i t  p o s s ib le  to  so lve  th e  s tead y  s ta te  charged  
p a r t ic le  equations ( 1 ,4 ,6 )  r e s u l t in g  in  the v a r ia t io n  o f  n w i t h  E /N ,
Thus N ighan and Wiegand have found th a t  ~1 fo r  th e  5 -3 5 -6 0 ,  C0 2 -N^-He
m ix tu re  when the  i n s t a b i l i t y  c r i t e r io n  is  s a t is f ie d .
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However, c a lc u la t io n s  o f d ischarge s t a b i l i t y ,  r a t i o ,  e tc  fo r  a
p a r t ic u la r  gas m ix tu re  re q u ire  assumptions o f the dominant io n  species  
p a r t ic ip a t in g  in  reco m b in atio n  and detachment (eg N ighan and Wiegand assume 
CO  ^ to dominate the n e g a tiv e  io n  s p e c ie s ) . Thus th e  developm ent o f  the  
th e o ry  o f io n is a t io n  i n s t a b i l i t y  is  r e s t r ic t e d  by in adequate  knowledge o f  
io n  species  d e n s it ie s ,
1 ,5 ,2  The Therm al I n s t a b i l i t y  
When la rg e  power d e n s it ie s  are  s u p p lie d  to  e le c t r ic a l  d is c h a rg e s , the  
power is  u s u a lly  in ten d ed  to  be d is s ip a te d  u n ifo rm ly  throughout the  gas. 
However, a t f a s t  gas f lo w  v e lo c i t ie s  (eg in  the EDCL) lo c a l is e d  h e a tin g  
o f the gas may occur a t  p o in ts  in  the d ischarge where r e la t i v e l y  s low er 
gas v e lo c i t ie s  e x is t .  Such p o in ts  may be c lose to  i n l e t  and exhaust 
d u c ts , n ear e le c tro d e s , o r they may e x is t  in  the b u lk  gas due to  a non- 
u n ifo rm  v e lo c i t y  p r o f i l e .  This lo c a l  change in  gas tem perature  w i l l  
a f fe c t  the lo c a l gas d e n s ity  and e le c tro n  d e n s ity  (s in c e  the lo c a l va lu e  
o f E/N w i l l  change). The im p o rta n t q u es tio n  from the  v ie w p o in t o f d ischarge  
s t a b i l i t y  is  ' 'W i l l  the lo c a l tem peratu re  f lu c tu a t io n  be re in fo rc e d  by 
the plasm a k in e t ic  p rocesses?".
C o n s id e ra tio n  o f th e  processes r e s u lt in g  from  a gas tem p e ra tu re , o r gas 
d e n s ity  f lu c tu a t io n  have le d  many authors to  the co nclusion  th a t such 
f lu c tu a t io n s  are re s p o n s ib le  f o r  the  g lo w -a rc  t r a n s i t io n  o fte n  observed  
in  h ig h  power d e n s ity  v o lu m e -c o n tro lle d  d isch a rg e s . The f i la m e n ta ry  
n a tu re  o f  the  a rc  is  a m a n ife s ta t io n  o f  th e  re in fo rc e m e n t o f  the i n i t i a l  
d is tu rb a n c e .
The cause o f  the therm al i n s t a b i l i t y  was f i r s t  analysed f o r  atom ic  
gases by E cker a t  a l  (1964) and subsequently  adapted by N ighan and 
Wiegand (1 9 7 4 (a ) )  and Jacob and M ani (1975 ) to e x p la in  glo^sr-axc t r a n s it io n s
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in  m o le c u la r gases where v ib r a t io n a l  tem peratures Cie the tem perature  
c h a ra c te r is in g  a Boltzmann d is t r ib u t io n  o f  m o lecu les  amongst the v ib r a t io n a l  
energy le v e ls )  w i l l  a lso  f lu c t u a t e ,  N ighan (1977) has considered  the  
e f f e c t  o f gas tem perature and d e n s ity  f lu c tu a t io n s  in  d isc liarges where 
the e le c tro n  loss processes are dominated by e i t h e r  rec o m b in a tio n , 
attachm ent or th ree -b o d y  a ttachm ent. He has shown, as w i l l  be d iscussed , 
th a t  the coup ling  o f  e le c tro n  d e n s ity  and gas tem p eratu re  d is tu rb an ces  
depends c r i t i c a l l y  on the e le c tro n  loss processes . A d d it io n a l ly ,  when the 
detachment process is  in c lu d e d , the e le c tro n  p ro d u c tio n  by th is  mechanism  
also  c o n tr ib u te s  s ig n i f ic a n t ly  to  re in fo rc e m e n t o f the i n i t i a l  d is tu rb a n c e , 
Nighan and Wiegand (1 9 7 4 (a ) )  have shown th a t a f lu c tu a t io n  in  gas
tem peratu re  w i l l  be te m p o ra lly  a m p lif ie d  when the in e q u a l i t y ,
4b -  (N Cp T)
2 HC T 
Kit* T + ^  F^JE(2 + T— )
‘7T
e _J
< 0 ( 1 ,5 ,8 )
is  s a t is f ie d  (see Appendix 2 f o r  d e r iv a t io n  o f the above i n s t a b i l i t y  
c r i t e r io n  and d e f in i t io n  o f  sym bols). In  the in e q u a l i ty  ( 1 ,5 ,8 )  the  
f i r s t  term in  square b ra c k e ts  {K k '^ T } d escribes  damping o f  a lo c a lis e d  
therm al inhom ogeneity by th e rm a l conduction over a d is ta n c e  1 / k ’ ,
( ■ ^ 1  is  the d is ta n ce  o v e r w hich p e r tu rb a tio n s  in  s teady s ta te  plasm a
p ro p e r t ie s  are assumed to  extend  -  the p e r tu rb a t io n  s c a le  s iz e ) ,
NC-T y\"
The terms ( — ^  + FL.JE (2 j- t „ „ )  ) describ e  the v ib r a t io n a l  -
t r a n s la t io n a l  energy r e la x a t io n  p ro c e s s , where v ib r a t io n a l ly  e x c ite d
m olecu les are  c o l l i s io n a l ly  d e -e x c ite d , thus in c re a s in g  the k i n e t i c  energy
^°’e No f  the n e u t r a l  gas p a r t ic le s .  The f i n a l  term F^JE ( -—  '^ )  in  ( 1 ,5 ,8 )
e
r e fe r s  to the coup ling  between e le c tro n  h e a tin g  by the d ischarge and gas
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h e a tin g  by subsequent e le c t r o n -n e u t r a l  p a r t ic le  e la s t ic  c o l l is io n s ,
Nighan and Wiegand (1 9 7 4 (a ) )  have d e riv e d  the i n s t a b i l i t y  growth r a t e ,  
w, in  the form
^ ^  T  Y  ( 1 ,5 .9 )
where b is  g iven  by e q u a tio n  ( 1 , 5 , 8 ) and
,(N C T) 
c =  E------  ^ ' 9  dnK k ' ^  T *  . y (1 ,5 ,1 0 )
The term  JE(^p— ,>^^) in  e q u a tio n  (1 ,5 ,1 0 )  describes  th e  coup ling  o f  
e le c tro n  h e a tin g  by the  e l e c t r i c  d ischarge  to n e u t r a l  p a r t ic le  h e a tin g .
Thus i t  in c lu d e s  b o th  t r a n s la t io n a l  h e a tin g  ( e la s t ic  c o l l is io n s )  and 
v ib r a t io n a l  h e a tin g  ( in e l a s t i c  c o l l is io n s ) .  However under t y p ic a l  CO2  la s e r  
co n d itio n s  the  e x c ita t io n  o f  v ib r a t io n a l  le v e ls  dominates (see f ig u r e  1 , 3 , 1 )
■ ■ 2^
and thus the term  JE (r^^ • , •^^) describes m a in ly  e le c t r o n —m olecule  
v ib r a t io n a l  e x c i t a t io n ,
N ighan and Wiegand (1 9 7 4 (a ) )  have co n stru c ted  a q u a l i t a t iv e  d iagram  
d e s c rib in g  the development o f the th erm al i n s t a b i l i t y  ( f ig u r e  1 , 5 , 1 ) .
The i n i t i a l  coupled d is tu rb an ces  in  gas d e n s ity  and tem perature  are such 
th a t  the decrease in  gas d e n s ity  ( i e  in c re a s e  in  E /n )  le a d s  to  an in c re a s e  
in  the e le c tro n  d e n s ity  due to  an in c re a s e  in  the io n is a t io n  ra te  a n d /o r  
a decrease in  the e le c tro n  loss r a te  (see f ig u r e  1 . 4 , 1 ) ,  T h is  i n i t i a l  
d is tu rb a n ce  w i l l  a f f e c t  th e  v ib r a t io n a l  tem peratu re  Ty by lo c a l ly  a d ju s tin g  
the c o l l is io n a l  d e -e x c ita t io n  r a te  o f  v ib r a t io n a l ly  e x c ite d  s p e c ie s .
However the in f lu e n c e  o f  in c re a s e d  lo c a l  e le c tro n  d e n s ity  r e s u lt in g  from the  
io n is a t io n  r a te  in c re a s e  w i l l  i t s e l f  in c re a s e  the v ib r a t io n a l  e x c i ta t io n  
r a t e ,  ie  in c re a s e  Ty ,
I t  is  the processes by w hich th e  above lo c a l  in c rease s  in  n^ and Ty  
subsequently  a f f e c t  th e  lo c h l gas d e n s ity  and tem p era tu re  w h ich  determ ine
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the d ischarge s t a b i l i t y .  Both e le c tro n -g a s  h e a tin g  and v ib r a t io n a l -  
t r a n s la t io n a l  re la x a t io n  tend to  re in fo rc e  the i n i t i a l  d is tu rb an ce  w hich  
w i l l  then grpw unless the  process o f h e a t conduction is  ra p id  enough to  
compensate fo r  the a d d it io n a l lo c a l  h e a t in g ,
DIRECT ELECTRON GAS HEATING
.iS r—
STot , 8 not
ft ELECTRON■ r  MOLECULE
INITIAL üW » , 0  i t \  S r  VIBRATIONALDISTUROANCE \  u EXCITATION
\
GAS HEATING BY 
V - T  R E LA X A TIO N
F ig u re  1 .5 .1  Development o f  the therm al i n s t a b i l i t y .  The i n i t i a l  d is tu rb an ce  
in  gas d e n s ity  leads d i r e c t ly  to  d is tu rbances  in  e le c tro n  d e n s ity  and 
v ib r a t io n a l  te n p e ra tu re . The feedback processes are in d ic a te d  by 
broken l in e s  (N ighan and Wiegand 1 9 7 4 (a ) ) ,
As f ig u re  1 .5 .1  in d ic a te s ,  f o r  th e  growth o f  the  therm al i n s t a b i l i t y  
i t  is  necessary  th a t  the d is tu rb an ce  in  gas d e n s ity  produces a n e g a tiv e  
response in  e le c tro n  d e n s ity
^  ^  < 0 . ( 1 .5 .1 1 )
e
A ls o , e q u a tio n  ( 1 ,5 ,8 )  shows th a t  th e  necessary c o n d itio n  fo r  th erm al
i n s t a b i l i t y  to  develop is  th a t  e i t h e r  e q u a tio n  ( 1 ,5 ,1 1 )  h o ld s , o r ^ - 3 ,
or b o th . Only then can the in e q u a l i ty  ( 1 ,5 ,8 )  be s a t is f ie d  s in ce  the terms 
2  NG T
K k* T + — ^  a re  always p o s i t iv e .  The c o n d itio n  th a t  $ - 3  re q u ire s  th a t
"^ VT 3
th e  v ib r a t io n a l - t r a n s la t io n a l  re la x a t io n  ra te  ( l /X y p )  be p ro p o r t io n a l to  T
or some h ig h e r power. I f  such a s e n s it iv e  tem perature dependence o f  the V-T  
r e la x a t io n  ra te  does n o t e x i s t ,  then  the i n s t a b i l i t y  growth depends c r i t i c a l l y  
on th e  cou p lin g  o f  e le c tro n  and gas d e n s it ie s ,
A s itu a t io n  where in e q u a l i ty  (1 ,5 .1 1 )  is  s a t is f ie d  can occur in  a 
s e lf -s u s ta in e d  d ischarge where e le c tro n  p ro d u c tio n  in  io n is a t io n  is  ba lan ced  
by loss in  a ttachm ent. Any lo c a l  in c re a s e  in  gas d e n s ity  ( i e  a decrease in  
E /N ) w i l l  reduce the r a te  o f e le c tro n  loss b y  attachm ent (F ig u re  1 , 4 , 1 ) ,
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However, e le c tro n  p ro d u c tio n  by io n is a t io n  w i l l  be reduced even more, 
r e s u lt in g  in  an o v e r a l l  decrease in  e le c tro n  d e n s ity . The same n e g a tiv e  
response in  e le c tro n  d e n s ity  to  gas d e n s ity  f lu c tu a t io n s  can be shown to  
accompany a decrease in  lo c a l  gas d e n s ity , i e ,  dn is  p o s it iv e  when 6 N is  
n e g a t iv e , fo r  th e  s e l f  s u s ta in e d  d is c h a rg e . A lso s in ce  the values o f  
and k^  are s e n s it iv e  to  changes in  E/N  the r e s u lt in g  diange in  e le c tro n  
d e n s ity  due to  gas d e n s ity  p e rtu rb a tio n s  can be la r g e ,  N ighan and Wiegand 
(1 9 7 4 (a ) )  have c a lc u la te d  a f r a c t io n a l  change in  e le c tro n  d e n s ity  o f  
100 tim es the  accompanying change in  gas d e n s ity  in  a 5 -3 5 -6 0 ,  C0 2 -N 2 "'He 
gas m ix tu re  a t  2 0  t o r r  p re s s u re .
When an e x te rn a l source o f io n is a t io n  is  employed the d ischarge may 
be o p era ted  in  an E/N regim e where the io n is a t io n  c o e f f ic ie n t  is  sm all (s e c t io n  
1 ,4 ,2 ) ,  Under these  c o n d itio n s  f lu c tu a t io n s  in  e le c tro n  d e n s ity  due to  
changes in  io n is a t io n  r a te  are  n e g l ig ib ly  s m a ll (assuming a s ta b le  e x te rn a l  
io n is a t io n  s o u rc e ). However, the e le c tro n  d e n s ity  may s t i l l  f lu c tu a te  as 
a r e s u l t  o f  the e le c tro n  loss processes w hich cannot be e x te r n a l ly  c o n tro lle d ,  
Nighan (19 77) has com prehensively analysed the in f lu e n c e  o f  e le c tro n  
loss processes in  e x te r n a l ly  s u s ta in e d  d isch arg es . For co n d itio n s  t y p ic a l  
o f an e x te r n a l ly  su s ta in e d  CO2  la s e r  e le c t r o n - io n  recom bination  is  l i k e l y  
to be the dominant e le c tro n  loss process (see s e c tio n  1 .4 ,2  and f ig u r e  1 , 4 , 1 ) ,  
Since the ra te  o f th is  process (k ^ ) decreases w ith  in c re a s in g  E/N  va lues  
( f ig u r e  1 ,4 ,1 )  the lo c a l  sequence o f events s a t is f y in g  the in e q u a l i ty  
( 1 ,5 ,1 1 )  necessary  f o r  th erm al i n s t a b i l i t y  is
N 4 , ; e ;n  t  ; i  I t  '
o r v ic e -v e r s a . By assuming a dependence o f  k^ on e le c tro n  tem perature T^ 
( e f f e c t iv e ly  the E/N  o f  the d is ch arg e ) o f  k^ T^ 3 /2 ^  N ighan has 
computed the  growth r a t e  (w) o f the th erm al i n s t a b i l i t y  f o r  a 5 -3 5 -6 0 ,
C0 2 -N 2 -H e m ix tu re  a t  a p re ss u re  o f 190 t o r r  and i n i t i a l  tem perature  o f
39
300K in  an e x te r n a l ly  s u s ta in e d  d isch a rg e . F ig u re  1 ,5 .2  shows the in s t a b i l i t y "
growth ra te s  fo r  b o th  th erm al and io n is a t io n  i n s t a b i l i t i e s  (see s e c tio n
1 , 5 . 1 ) as a fu n c tio n  o f  d is ta n c e  t r a v e l le d  through th e  d ischarge by
-1the gas a t  a f lo w  v e lo c i t y  o f  100 m s , F o r x  < 5cm the corresponding  
gas d w e ll tim e is  < 0 ,5  ms. S ince the therm al i n s t a b i l i t y  grow th tim e  
( l /w )  is  > 2ms in  th is  re g io n , no therm al i n s t a b i l i t y  is  l i k e l y .  However, 
f o r  5 cm < X <18 cm attachm ent i n s t a b i l i t y  is  h ig h ly  p ro b a b le . C ond itions  
where therm al i n s t a b i l i t y  becomes p o s s ib le  develop around x  — 2 0  cm, 
i e ,  gas d w e ll tim e =  2 ms, g ro tfth  tim e  a, 2 ms. C le a r ly ,  th erm al i n s t a b i l i t y ,  
due to  reco m b in atio n  alone c re a tin g  the n e g a tiv e  response in  e le c tro n  
d e n s ity  to  gas d e n s ity  f lu c tu a t io n s  is  n o t l i k e l y .
1 0 ' _j I I I I I | --THERMAL INSTABILITY 
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F ig u re  1 .5 ,2  C a lc u la te d  grcdvth ra te s  (to) f o r  therm al and io n is a t io n
i n s t a b i l i t i e s  as a fu n c tio n  o f  downstream d is ta n c e  (x )  in  the  d is c h a rg e . 
Recom bination is  th e  dominant e le c tro n  loss mechanism (k^  «= 1 ) »
D ischarge c o n d itio n s  are  g ive n  in  the te x t  (fro m  N ig h a n ,^ (1 9 7 ^ ) ) ,
Nighan (1977 ) goes on to  co n s id er the r o le  o f detaclim cnt in  CO  ^ la s e r  
discharges where CO is  produced and can cause co n s id e ra b le  detachment o f  
e le c tro n s  from  n e g a tiv e  io n s ,
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i e ,  CO + 0  >COg > e .
U n fo r tu n a te ly , as N ighan p o in ts  o u t, the dependence o f  the detachinent ra te  
c o e f f ic ie n t ,  Ic^, on gas and e le c tro n  tem perature is  o n ly  known in  any 
d e t a i l  fo r  oxygen d is c h a rg e s , where detachment from  0^ occurs. S ince  
the re a c ta n ts  in  the detachment process are  n e g a tiv e  io n s  and n e u t r a l  
p a r t ic le s ,  the  e le c tro n  tem peratu re  dependence o f  k^  is  expected to  be 
s m a ll, w h ile  i t s  gas tem p era tu re  dependence may be c o n s id erab le  ia s  is  
the case fo r  oxygen (Pack and Phelps ( 1 9 6 6 ) ) } ,  The im portance o f gas 
tem perature  dependent d etac lm ent has been s tresse d  by Nighan (1977) , 
s in ce  a lo c a l  in c re a s e  in  gas tem p era tu re  could le a d  to  a lo c a l in c re a s e  
in  the detachment c o e f f ic ie n t  and a corresponding in c re a s e  in  e le c tro n  
d e n s ity . Tlie decrease in  lo c a l  gas d e n s ity  accompanying the gas 
tem perature in c re a s e  (assuming co n stan t p res su re ) w i l l  thus enable  the  
in e q u a l i ty  ( 1 .5 ,1 1 )  to  be s a t is f ie d ,  as is  necessary  f o r  i n s t a b i l i t y .
Assuming a h ig h ly  s e n s it iv e  dependence o f the detachment c o e f f ic ie n t
20on gas tem peratu re  (k ^  v  T ) ,  N ighan has re c a lc u la te d  the therm al
i n s t a b i l i t y  growth r a te  fo r  th e  same d ischarge c o n d itio n s  as f o r  f ig u r e
1 ,5 ,2 ,  F ig u re  1 ,5 ,3  shows h is  r e s u l t s ,  and c le a r ly ,  w h ile  therm al 
i n s t a b i l i t y  is  u n l ik e ly  f o r  x  < 8  cm (gas d w e ll tim e < 0 , 8  m s ), such an
i n s t a b i l i t y  is  h ig h ly  p ro b ab le  f o r  x  ^ 10 cm. F o r exam ple, when x  ■= 10 cm
(gas d w e ll tim e =  1  ms) the grow th tim e is  v 1  ms.
The agreement between the ty p ic a l  i n s t a b i l i t y  grow th ra te s  fo r  th erm al 
i n s t a b i l i t y ,  w ith  gas tem p era tu re  dependent a tta ch m e n t, p re d ic te d  by 
N ighan*s th e o ry , and th e  o n set tim es o f  the glow—a rc  t r a n s i t io n  in  
EDCL’ s (E c k b re th  and D avis (1 9 7 1 ) ,  H i l l  (1 9 7 1 ) ) ,  is  e x c e l le n t ,  H o ifever, 
re p o rte d  glow—a rc  t r a n s it io n s  in  EDCL*s have occurred  a t  low er p ressures  
(v  50 t o r r )  than used in  Nighan's c a lc u la t io n s ,  b u t w ith o u t the a id  o f 
e x te rn a l io n is a t io n .  N e v e r th e le s s , co n s id e rin g  th e  la c k  o f b a s ic  d a ta
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concerning io n -m o le c n le , and e le c tro n  processes in  CO  ^ d ischarges  
(eg , p re c is e  d e te rm in a tio n  o f  p r in c ip le  io n  s p e c ie s , detachment r a t e  
tem p era tu re  dependence, e tc )  therm al i n s t a b i l i t y  seems the most p la u s ib le  
e x p la n a tio n  o f  the g lo w -a rc  t r a n s i t io n  observed in  EDCh’ s ,
THERMAL INSTABILITY 
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F ig u re  1 ,5 ,3  C a lc u la te d  grow th ra te s  f o r  th e rm a l and Io n is a t io n  
' " ' in  St a b i l i t i e s  as a fu n c tio n  o f  downstream d is ta n c e  Cx) when
detachm ent is  h ig h ly  tem p era tu re  s e n s it iv e  (k ^  T^O) (from  N ig h  an (1 9 7 7 ))
A lth o u g h  no c a lc u la t io n s  o f th erm al i n s t a b i l i t y  grow th r a te  have ;
been perform ed f o r  the atm ospheric  p re s s u re , p u lsed  d ischarge  o f  th e  TEA 
la s e r s ,  the th e rm a l i n s t a b i l i t y  is  the p robab le  e x p la n a tio n  o f  th e  glox'?— <
arc  t r a n s i t io n  observed in  these devices (Jolons and N a tio n  (1 9 7 2 ) , j
Dyer and James (1 9 7 5 ) ,  Pearson and Lamberton (1 9 7 2 ) ) ,  The h ig h  in p u t  |
power d e n s ity  of the TEA la s e r  augments the d e s ta b i l is in g  term
{F^JE ( - - ^  . ^ )  -+ F^JE in  e q u a tio n  ( 1 ,5 ,8 )  such th a t  the i n s t a b i l i t y
e
growth r a t e ,  w, may be s u f f i c i e n t l y  la rg e  to  a llo w  the therm al i n s t a b i l i t y  I
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to cause glow c o lla p s e  b e fo re  the te rm in a tio n  o f the d ischarge p u ls e .
The p reced in g  d iscu ss io n  o f therm al i n s t a b i l i t y  developm ent i l l u s t r a t e s  
the in f lu e n c e  o f n e g a tiv e  ions on the i n s t a b i l i t y  mechanism. In  s e l f -  '
su s ta in ed  d ischarges the d is tu rb a n c e  in  the balance  o f io n is a t io n  and 
attachm ent due to gas d e n s ity  and tem peratu re  f lu c tu a t io n s  may r e s u l t  in  
the i n s t a b i l i t y  c r i t e r io n  (e q u a tio n  ( 1 .5 ,1 1 ) )  b e in g  s a t is f ie d .  A ls o , in  
both  s e lf -s u s ta in e d  and e x t e m a l ly - s u s t a in e d d is c h a rg e s , th e  in f lu e n c e  o f  
gas tem perature dependent detachment can c o n tr ib u te  to  d ischarge i n s t a b i l i t y .  
Thus, some in v e s t ig a te s  o f  n e g a tiv e  io n  processes is  necessary b e fo re  the 
th erm al i n s t a b i l i t y  can be q u a n t i t a t iv e ly  analysed fo r  th e  CO  ^ la s e r  
d is ch arg e . A d d it io n a l ly ,  the d e s ta b i l is in g  in f lu e n c e  o f  e le c t r o n - io n  
recom bination  in  e x te r n a l ly  s u s ta in e d  la s e rs  in d ic a te s  a req u ire m e n t fo r  
knowledge o f  p o s it iv e  io n  processes in  CO2  la s e r  d is c h a rg e s ,
1 ,6  CONCLUSIONS
Since la s e r  a c tio n  in  the CO2  m o lecu le  was f i r s t  dem onstrated  
by P a te l  in  1964, th e  developm ent o f  the CO2  la s e r  has proceeded a t  a ra te  
as im p ress ive  as th e  perform ance w hich has been o b ta in e d  from  these d e v ic e s .
This development has n a t u r a l ly  d iv id e d  in to  th re e  d is t in c t  c lasses o f  
CO2  la s e r .  The f i r s t  type is  a sm all sca le  device capable o f s e v e ra l «
w a tts  o f  in f r a - r e d  ou tpu t (cw) a t  an e f f ic ie n c y  w hich may be as h ig h  as 
25% fo r  conversion  o f  e l e c t r i c a l  to  o p t ic a l  energy . The second type is  
a much la r g e r  d e v ic e , in te n d e d  fo r  g e n e ra tio n  o f h ig h  power in f r a - r e d  r a d ia t io n  
and capable o f s e v e ra l tens o f k i lo w a t ts  ou tput power (c c f), T h ir d ,  a 
la s e r  design in te n d ed  fo r  p u ls ed  o u tp u t has r e a l is e d  ou tpu t powers rang ing  
from  megawatts to  tens o f  g ig a w a tts  in  pu lses o f  'v Ips  to  tens o f  nanoseconds c 
d u ra tio n . T h u s 'th e  COg la s e r  has found a p p lic a t io n  in  many f ie ld s  as d iv e rs e
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as eye su rg ery  and therm onuclear fu s io n .
However, a l l  th re e  types o f  la s e r  design have the common fe a tu re  th a t  
th e y  depend on an e le c t r i c a l  d ischarge in  the la s e r  gas m ix tu re  fo r  
e x c ita t io n  o f  the a p p ro p ria te  la s e r  le v e ls ,  A complete understand ing  o f  
th is  e l e c t r i c a l  d ischarge is  thus e s s e n t ia l  i f  the p o t e n t ia l  o f the 00% 
la s e r  is  to be f u l l y  e x p lo ite d .
S e c tio n  1 .2  o f  th is  c h ap ter has described  the developm ent o f  the th re e  
b a s ic  CO2  la s e r  types r e f e r r e d  to  above, Tire i n a b i l i t y  o f  the c o n ven tio n a l 
a x ia l  f lo w  design (s e c tio n  1 ,2 ,1 )  to  p ro v id e  adequate gas co o lin g  fo r
h ig h  power g en e ra tio n  has re s u lte d  in  the EDCL design (s e c tio n  1 ,2 ,2 )  fo r
h ig h  power cw o u tp u t and th e  TEA la s e r  design (s e c tio n  1 ,2 ,3 )  fo r  h ig h  
power p u lsed  o u tp u t. Both these l a t t e r  types a llo w  h ig h  e le c t r i c a l  
power in p u t w h ile  s t i l l  m a in ta in in g  a low  gas tem perature  b u t b o th  s u f fe r  
from  d ischarge i n s t a b i l i t i e s  w h ich  u lt im a te ly  l i m i t  the power in p u t .
T h eo ries  o f la s e r  e f f ic ie n c y ,  power o u tp u t and power in p u t s c a lin g  
have been discussed in  s e c tio n  1 ,3 ,  M o d e llin g  o f the la s e r  d ischarge
shows good q u a l i t a t iv e  agreem ent w ith  e x p e rim e n t, b u t c a lc u la t io n s  f o r  a
p a r t ic u la r  la s e r  d ischarge environm ent re q u ire d  d e ta i le d  knowledge o f  
gas te m p e ra tu re , gas m ix tu r e , e le c tro d e  c o n f ig u ra t io n , e tc .
S im i la r ly ,  c a lc u la t io n s  o f  the e l e c t r i c a l  c h a ra c te r is t ic s  o f the  
discharge CE/N, e le c tro n  d e n s ity , e tc )  y ie ld  r e s u lts  in  accep tab le  
agreement w ith  experim ent b u t once again  la c k  o f  d a ta  has l im ite d  the  
a p p l ic a b i l i t y  o f  such c a lc u la t io n s . In  th is  case, g re a te r  knowledge  
of plasm a k in e t ic  processes is  re q u ire d , so t h a t ,  f o r  a g iven  gas m ix tu re ,  
the o p e ra tin g  E/N o f  the  d is c h a rg e , and o th e r  dependent param eters  
(eg , e le c tro n  d r i f t  v e lo c i t y ,  e le c tro n  and io n  d e n s it ie s ,  e tc )  may be
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a c c u ra te ly  p re d ic te d  C section 1 ,4 ) ,
D e ta ile d  plasma k in e t ic  in fo rm a tio n  is  p o s s ib ly  even more im p o rta n t  
i f  the th e o rie s  o f  plasma i n s t a b i l i t i e s  (s e c tio n  1 ,5 )  are to  be c lo s e ly  
re la te d  to  e x p e rim e n ta l la s e rs . Th is  in c lu d e s  detachment and reco m b in atio n  
ra te s  f o r  the io n  species  p re s e n t in  the d isc h arg e . S e c tio n  1 ,5  shows th a t  
both  these processes are p a r t ic u la r ly  im p o rta n t in  d e te rm in in g  d ischarge  
s t a b i l i t y .
R ea c tio n  r a te  constants and c ro s s -s e c tio n s  f o r  the io n is a t io n  and 
attachm ent processes in v o lv in g  the m a jo r and m inor species in  the CO2  
la s e r  d ischarge are w e l l  known, h av in g  been e x te n s iv e ly  s tu d ie d  in  re c e n t  
years by p h y s ic is ts  in te r e s te d  in  the earth ^s  upper atm osphere. U nderstand ing  
o f these p rocesses , the r e s u lta n t  io n s , and. the ra te s  o f detachm ent, 
recom bination  and io n -m o le c u le  re a c tio n s  are e n a b lin g  atm ospheric p h y s ic is ts  
to  o b ta in  good agreement between measured ion  species d e n s it ie s  in  th e  
upper atmosphere and th e o r ie s  based on the plasma k in e t ic s .
In  p r in c ip le  the CO2  la s e r  d isch arg e  may be m odelled  as s u c c e s s fu lly
as th e  upper atm osphere, using  s im i la r  tech n iq u es , Ho.weyer, th re e  fa c to rs
p re s e n t ly  l i m i t  the d e ta i le d  m o d e llin g  o f th e  CO2  la s e r  d is c h a rg e . F i r s t ,
the plasm a chem ical processes c o n tr o ll in g  the  d e n s it ie s  o f m in o r ity  species
(n o ta b ly  the oxides o f  n itro g e n )  in  the d ischarge are n o t w e l l  understood.
Second, experim ent a l l y  measured o r  t h e o r e t ic a l ly  p re d ic te d  d e n s it ie s  o f
p o s it iv e  and n e g a tiv e  ions in  th e  plasm a a re  b o th  scarce and la c k in g  in
d e ta i le d  a n a ly s is . T h is  makes p re d ic t io n s  o f  the m ajo r ions species  in
a g iven  d ischarge environm ent l i t t l e  b e t t e r  than guesswork and leads to
corresponding  u n c e r ta in t ie s  in  re c o m b in a tio n , detachm ent and io n -m o le c u le
re a c t io n  r a te s .  T h ir d ,  the ra te s  o f  plasma k in e t ic  processes depend on
gas and e le c tro n  te m p e ra tu re . W h ile  these ra te s  are  u s u a lly  w e l l  known f o r
ty p ic a l  atm ospheric physics c o n d itio n s  (T 'v 20 0 -500 K , T ^ T ) th is   ^ ^ gas ' e gas
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is  n o t the case fo r  th e  CO  ^ la s e r  d ischarge 300-700K , 0 .7 - 2 ,0  e V ) ,
The in te n t io n  o f  th is  th e s is  is  to  p ro v id e  d e ta i le d  in fo rm a tio n  
concern ing  th e  p o s it iv e  and n e g a tiv e  ion  species p re s e n t in  CO  ^ la s e r  d is ­
charges, Th is  d a ta  may he used in  d ischarge m o d e llin g  and plasm a i n s t a b i l i t y  
com putations.
The th e o ry  o f  p o s it iv e  io n  sam pling from  a glow  d ischarge  plasm a w ith  
subsequent m a s s -s p e c tro m e tric  io n  id e n t i f ic a t io n  is  g iven  in  ch ap te r 2 .
This in d ic a te s  how p o s it iv e  io n  species  d e n s it ie s  m ight be r e l i a b ly  measured  
by u s in g  a CO2  la s e r  d ischarge coupled to  a mass sp e c tro m ete r system,
Clrapter 3 d escribes  an e x p e rim e n ta l system w hich has been co n s tru c te d  
s p e c i f ic a l ly  f o r  p o s it iv e  io n  a n a ly s is  o f gas la s e r  d isch arg es . The 
r e s u lts  produced by the system are compared w ith  th e  theory  o f  ch ap ter 2 
and are shown to be r e l i a b le .
R e s u lts  o f th e  a n a ly s is  o f p o s it iv e  ions in  CO^  la s e r  d ischarges
are p res en ted  in  ch a p te r 4 , Th is  chap ter takes th e  form  o f a p u b lis h e d
p a p e r, " P o s it iv e  io n  processes in  th e  p o s it iv e  column o f CO la s e r
e l e c t r ic a l  d ischarges" by A L S Sm ith  and H S h ie ld s  (J ,  Chem P hys, 6 7 ,  
p l5 9 4 —1604 (1 9 7 7 ) ) ,  By v a r ia t io n  o f the d ischarge co n d itio n s  (c u r r e n t ,  
p ressure  and gas f lo w  r a te )  some in s ig h t  in to  p o s it iv e  io n  k in e t ic s  has 
been p o s s ib le . Th is  should  be p a r t ic u la r ly  u s e fu l in  d ischarge m o d e llin g . 
C hapter 5 in d ic a te s  the inadequacy o f  the  mass—s p e c tro m e tr ic  approach  
in  d e te rm in in g  n e g a tiv e  io n  d e n s it ie s  in  the la s e r  d is c h a rg e . An a l t e r ­
n a t iv e  approach, based on co m p u ta tio n a l tech n iq u e s , is  employed y ie ld in g  
r e s u lts  o f  p a r t ic u la r  s ig n if ic a n c e  to  in s t a b i l i t y  m o d e llin g  in  h ig h  power 
EDCL’ s and TEA l a s e r s C a l c u l a t i o n s  o f n e g a tiv e  ion  species  d e n s it ie s  
fo r  the d ischarge c o n d itio n s  o f a TEA la s e r  have been perform ed and r e s u lts  
are p res en ted  in  c h a p te r 6 , which i s ,  once ag a in , a p u b lis h e d  p a p e r,
"N e g a tiv e  io n  e f fe c ts  in  TEA CO2  la s e rs "  by H S h ie ld s , A E S  Sm ith and 
B N o r r is ,  CJ Phys D , p l5 8 7 —1603 (1 9 7 6 ) ) ,  These c a lc u la t io n s  are
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c o rre la te d  w ith, th e  o n set o f  d ischarge a rc in g  observed in  an e x p e rim e n ta l 
la s e r .  S im ila r  c a lc u la t io n s  f o r  EDCL co n d itio n s  have enab led  comparison 
between the b u ild -u p  o f  n e g a tiv e  ions  in  the d ischarge and p u b lish ed  
re s u lts  o f i n s t a b i l i t i e s  in  these d isch arg es . These re s u lts  are  g iven  
in  ch ap te r 7 , a p u b lished  paper e n t i t l e d  "N eg a tiv e  io n  e f fe c ts  in  CO  ^
convection  la s e r  d ischarges" by H S h ie ld s  and A L S Sm ith (A p p l. Phys, 
p111-118 (1 9 7 8 ) ) .  F in a l ly ,  in  the conclud ing  ch ap te r the re s u lts  o f
th is  s tudy  and t h e i r  re le v a n c e  to  CO  ^ la s e r  d ischarges and d ischarge  models 
are  rev iew ed .
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c h a p t e r  TWO
POSITIVE ION SAMPLING FROM THE POSITIVE COLUMN 
OF A DC GLOW DISCHARGE PLASMA
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2.1 INTRODUCTION
The te c h n iq u e  of m easuring  p o s it iv e  io n  species in  dc gas d ischarges  
using  a mass sp ectro m eter is  w e l l  developed and s e v e ra l review s o f the  
p r in c ip le s  o f such experim ents  e x is t  (D raw in (1 9 6 8 ) ,  Mark and Helm (1 9 7 4 ) ,  
H asted (1 9 7 4 ) ) ,  Th is  method has been adopted to  determ ine the n a tu re  and 
r e la t iv e  abundances o f p o s it iv e  ions in  00^ la s e r  d is c h a rg e s . As discussed  
in  ch a p te r 1 (s e c tio n s  1 ,4  and 1 , 5 ) ,  th is  knowledge is  e s s e n t ia l  fo r  
comprehensive and a cc u ra te  computer m o d e llin g  o f  these d is ch a rg e s . In  
o rd er to  determ ine the r e l i a b i l i t y  o f these p o s it iv e  io n  m easurem ents, 
a complete understand ing  o f  the io n  sam pling process is  re q u ire d . Thus, 
in  t i l ls  c h a p te r fa c to rs  l i k e l y  to  in f lu e n c e  p o s it iv e  io n  mass s p e c tra  
and le a d  to  erroneous in t e r p r e t a t io n  o f  re s u lts  a re  considered .
The mass sp ectro m eter is  a v e r s a t i le  in s tru m e n t w h ich  can be used 
f o r  q u a n t i ta t iv e  gas a n a ly s is  in  a w ide v a r ie ty -  o f  a p p lic a t io n s . N o rm a lly  
gas p a r t ic le s  are io n is e d  by e le c tro n  em ission from  a h o t f i la m e n t and 
th e  ions produced are  analysed  accord ing  to  t h e i r  charge-to-m ass r a t io .
A l t e r n a t iv e ly ,  the p o s it iv e  column o f a low p re ssu re  gas d isch arg e  
may be used as a source o f  io n s , The r e s u lt in g  mass spectrum  is  re p re s e n ta t iv e  
o f the ions in  the d ischarge  environm ent, T liis  mass spectrum  may b e a r  
l i t t l e  resem blance to the n e u t r a l  gas com position in  the d ischarge tube 
s in ce  the ions produced in  low  p re s s u re  gas d ischarges a re  o fte n  the end 
products o f a s e r ie s  o f io n -m o le c u le  re a c t io n s . Ions produced by e le c tro n  
im pact o f  the n e u tra l ,g a s  in  the d ischarge undergo subsequent re a c tio n s  w ith
o th e r  n e u tr a l  species to  produce secondary io n s . S ince the r a t io  o f ion  
to  n e u t r a l  d e n s ity  is  a, 10 in  such d is c h a rg e s , im p u r it ie s  p re s e n t in  the 
gas, even in  a few  p a r ts  p e r m i l l io n  c o n c e n tra tio n , can have co n s id erab le
'A
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in f lu e n c e  on the io n  mass spectrum , A q u a n t ita t iv e  a n a ly s is  is  necessary  
i f  the re a c tio n  mechanisms o p e ra tin g  are to  be c o r r e c t ly  in te r p r e te d .
The mechanisms and in t e r p r e t a t io n  o f  io n -m o lecu le  re a c tio n s  are d iscussed  
by M cD aniel e t  a l  (1970) and Knewstubb (1 9 6 9 ).
There are many e f fe c ts  o c c u rrin g  both  in  the d ischarge and the sam pling  
process w h ich  can le a d  to  m is in te r p r e ta t io n  o f  mass s p e c tra , Tliese e f fe c ts  
should be understood and accounted f o r  b e fo re  re s u lts  can be considered  
q u a n t i t a t iv e .  S e vera l types o f  gas d ischarge io n  sources arc a v a ila b le  
fo r  s tudy  and each ty p e  p resen ts  i t s  own problem s. For exampl e , e i t h e r  
r f  o r dc e x c ita t io n  may be employed w ith  sam pling o f ions e i t h e r  from  the  
a c t iv e  plasm a o r from  the a f te rg lo w  o f a decaying d is c h a rg e ,
A t y p ic a l  experim ent in v o lv e s  sam pling o f  a constan t o r t im e -  
v a ry in g  io n  c u rre n t th rough  a s m a ll o r i f i c e  from  a glow d ischarge a t  a 
few  t o r r  p ressure  in to  a low p re s s u re  (p x  10 ^ t o r r )  chamber where the  
mass sp ectro m eter is  s i tu a te d .  The o r i f i c e  is  n o rm a lly  p o s it io n e d  in  
the d ischarge tube w a l l .  I t  should be la rg e  enough to  a llo w  a u s e fu l  
q u a n t ity  o f ions and n e u t r a l  gas p a r t ic le s  to e ffu s e  to  the mass sp ectro m eter  
fo r  a n a ly s is  w h ile  s u f f ic ie n t ly  sm all th a t  the background p re ss u re  in  the  
mass sp ec tro m ete r chamber is  k e p t below  v  10  ^ t o r r .  Io n  sam pling may be 
achieved u s ing  e i t h e r  a sm all m e t a l l i c  d is c  w ith  an o r i f i c e  a t i t s  c e n tre ,  
or an o r i f i c e  in  the d ie le c t r ic  w a ll  c o n fin in g  th e  d is c h a rg e .
The d iscu ss io n  o f  the fa c to rs  w h ich  can in f lu e n c e  o r  m o d ify  a p o s it iv e  
ion  c u rre n t f lo w in g  from  the p o s it iv e  column o f a dc gas d ischarge through  
a sam pling o r i f i c e  to  a mass sp e c tro m e te r may be c o n v e n ie n tly  d iv id e d  in to  
th ree  p a r ts  ( ig n o r in g  in s tru m e n ta l e f fe c ts  w hich are c h a r a c te r is t ic  o f 
p a r t ic u la r  systems)
Ci) the in f lu e n c e  o f th e  bulk, plasma on ion  c u rren ts  to  th e  d is  charge 
w a ll  where the o r i f i c e  is  s i t u a t e d .
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( i l )  th e  e f f e c t  o f  the p o s it iv e  io n  w a ll  sheath which e x is ts  a t the  
p las m a-w a ll boundary,
( i i i )  the e f f e c t  o f  the n a tu re  o f  the o r i f i c e  and i t s  dimensions 
on ion  c u rre n ts . These fa c to rs  have been discussed o r  commented on in  
prev ious  rev iew s o f  m a s s -s p e c tro m e tric  a n a ly s is  o f ions produced in  gas 
discharge plasmas (D raw in (1968) , Sm ith and Plumb (19 73) , Mark and 
Helm (1 9 7 4 ) ,  H asted (1 9 7 4 , 1 9 7 5 ) ) ,
In  the fo llo w in g  d iscu ss io n  o f m a s s -s p e c tro m e tric  p o s it iv e  io n  a n a ly s is  
from  the p o s it iv e  column of a dc gas d is c h a rg e , the th re e  to p ic s  above are  
t re a te d  in  s ep ara te  s e c tio n s . Thus in  s e c tio n  2 ,2  the io n  w a ll  c u rren ts  
a r is in g  from  r a d ia l  d if fu s io n  are considered . P o s s ib le  m o d if ic a t io n  o f 
these w a l l  c u rre n ts  by n e g a tiv e  io n  e f fe c ts  and volume re  com bination are 
in c lu d e d . The e f fe c ts  o f d ischarge c u r re n t , p re s s u re , e le c tro n  and gas 
tem peratu res  and tube ra d iu s  on the p o s it iv e  io n  w a l l  c u rre n t are e v a lu a te d .  
In  s e c tio n  2 ,3  the passage o f  ions across th e  w a l l  sheath  from  
plasm a to o r i f i c e  is  d iscussed f o r  cases where c o l l is io n s  in  the sheath  
occur and where the sh e a th  is  c o l l is io n le s s .  The consequences o f sheath  
c o ll is io n s  are considered  in  terms o f  io n -m o le cu le  re a c tio n s  and the  
energy o f  e f fu s in g  io n s .
S ec tio n  2 ,4  discusses th e  c h a r a c te r is t ic s  o f  m e t a l l ic  o r i f ic e s  and 
compares t l i is  type o f o r i f i c e  w ith  th e  d ie le c t r ic  ty p e . A lso the  
d is to r t io n  o f  the e q u ip o te n t ia ls  in  the v i c i n i t y  o f the o r i f i c e  le a d in g  to  
an ion  len s  e f f e c t  and th e  l im i t a t io n s  on o r i f i c e  tube le n g th  and d iam e te r  
are examined.
Hence the fa c to rs  l i k e l y  to  e f f e c t  the p o s it iv e  io n  c u rre n t as i t  
flow s from  th e  p lasm a, across th e  sheath  and th roug h  th e  o r i f i c e  to  the  
mass sp e c tro m ete r are considered  s e q u e n t ia l ly  as encountered  by the p o s it iv e  
io n s .
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2 .2  PLASMA EFFECTS ON POSITIVE ION SAMPLING
2 ,2 ,1  D if fu s io n  in  the P o s it iv e  Column
When the m otion o f  e le c tro n s  and p o s it iv e  ions in  a plasm a is  c o n tro lle d  
by d if fu s io n  (a t  p ressures > 5 x  10 ^ t o r r )  the equ ations d e s c rib in g  th e  
r a d ia l  f lu x  o f  p a r t ic le s  across u n it  area  per second in  a c y l in d r ic a l  
discharge are (Oskam (1 9 5 8 ) ) ,
C2.2.1)
r  re p re s e n ts  the p a r t ic le  f lu x  o f  a p a r t ic u la r  s p e c ie s , D and p are  
the a p p ro p ria te  d if fu s io n  c o e f f ic ie n t  and m o b i l i t y ,  n is  the species  
d e n s ity  and E^ is  the r a d ia l  e l e c t r i c  f i e l d .  Equations ( 2 ,2 ,1 )  app ly  to  
the case where th e re  are no e x t e r n a l ly  a p p lie d  e l e c t r i c  or m agnetic  f ie ld s  
and fo r  one typ e  o f p o s it iv e  io n . When th ere  are s e v e ra l d i f f e r e n t  p o s it iv e  
ion  species p re s e n t, as in  the usual mass s p e c tro m e tr ic  a n a ly s is , then  
the t o t a l  p o s it iv e  p a r t ic le  f lu x  is  g iv e n  by
- r  ^ ( 2 .2 .2 )
lr-1
where each o f th e  m p o s it iv e  io n  species has i t s  own d if fu s io n  c o e f f ic ie n t  
D^^ and m o b i l i t y
In  a c y l in d r ic a l  dc p o s it iv e  column, the p o t e n t ia l  a t any p o in t  on 
the d ie le c t r ic  d ischarge c o n fin in g  w a l l  is  co n s tan t in  tim e . Th is  means 
th a t the r a te  a t w hich p o s it iv e  ions reach  th e  w a ll  is  equal to  th a t  
fo r  e le c t r o n s ,
r ,  r  r  (2 , 2 . 3 )
Using th is  r e la t io n  in  ( 2 ,2 ,1 )  to g e th e r w ith  plasm a n e u t r a l i t y ,  n^ = n^ — n 
leads to
E—8 h e *? *
( 2 .2 .4 )
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E q u atio n  ( 2 .2 ,4 )  g ives  th e  m agnitude o f the r a d ia l  e le c t r i c  f i e l d  
and shows th a t  i t  depends on the r a d ia l  d is t r ib u t io n  and d e n s ity  o f  charged  
p a r t ic le s  in  the d is c h a rg e , b e in g  la rg e s t  where the g ra d ie n t of th e  charged  
p a r t ic le  d is t r ib u t io n  is  g re a te s t  and the d e n s ity  is  s m a lle s t . L a te r  in  
th is  s e c tio n  the r a d ia l  dependence o f  the charged p a r t ic le  d e n s ity  w i l l  be 
ap p ro x im ate ly  deduced assuming p ro d u c tio n  o f e le c tro n s  and p o s it iv e  ions  
by e le c tro n  im pact io n is a t io n  o f  n e u t r a l  p a r t ic le s  and loss by d if fu s io n  
to  the d ischarge w a l l .  Th is  th e o ry  assumes, a ls o , th a t  the charged  
p a r t ic le  d e n s ity  is  zero a t  th e  w a l l .  A lthough th is  is  n o t s t r i c t l y  t r u e ,  
the approx im ation  is  s u f f i c i e n t l y  good th a t the charge p a r t ic le  d is t r ib u t io n  i 
d e riv e d  agrees w e l l  w ith  e x p e r im e n ta lly  determ ined r a d ia l  p r o f i le s  f o r  
the b u lk  d isch arg e .
The n o n -ze ro  charge d e n s ity  near the w a l l  a r is e s  from  the co n d itio n s  
p r e v a i l in g  a t  th e  i n i t i a t i o n  o f  the d ischarge and the n a tu re  o f  the w a l l .
When the d ischarge  is  i n i t i a t e d ,  e le c tro n s , having  g re a te r  m o b il i ty  than  
p o s it iv e  ions in  the gas (p^ !>> p^) , d if fu s e  q u id c ly  to  the w a l l .  S ince  
the w a ll  is  d i e le c t r i c ,  a n e g a t iv e  space charged is  e s ta b lis h e d  th e r e ,  
im peding f u r t h e r  e le c tro n  f lo w . Thus in  th e  s teady  s ta te  a space charge 
sh eath  forms a t th e  w a l l  and the p o te n t ia l  o f  the w a l l  w ith  re s p e c t to  
the plasm a -  the  f lo a t in g  p o t e n t ia l ,  7 ^  — in h ib i t s  e le c tro n  flo w  such th a t  
b o th  e le c tro n  and p o s it iv e  io n  w a l l  cu rren ts  are e q u a l. The s ig n if ic a n c e  
o f the  w a l l  sh eath  f o r  p o s it iv e  io n  sam pling from  a dc p o s it iv e  column is  
discussed in  d e t a i l  in  s e c tio n  2 ,3 ,
S u b s t itu t io n  o f e q u a tio n  ( 2 ,2 ,4 )  in to  ( 2 ,2 ,1 )  a llow s th e  r a d ia l  
charged p a r t ic le  c u rre n ts  to  be expressed in  terms o f  d e n s ity  g ra d ie n ts ,
a lo n e . Thus,
r  -  - Vn, ( 2 ,2 .5 )
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P u tt in g (2 .2 ,6)
y ie ld s  — -  D^Vu. ( 2 ,2 ,7 )
is  the am bipo lar d if fu s io n  c o e f f ic ie n t ,  the v a lu e  o f  which ensures  
th a t b o th  p o s it iv e  ions and e le c tro n s  d if fu s e  to  the w a l l  a t the same 
r a t e .  E quation  ( 2 ,2 ,7 )  resem bles the fre e  d if fu s io n  e q u a tio n  fo r  both  
p o s it iv e  ions and e le c tro n s  in  the absence o f  space charge f i e ld s ,
E in s te in ’ s r e la t io n a h ip  D ~  (Oskam (195 8) p367) is  now used, where k  
is  Boltzmann^s c o n s ta n t, e is  the  e le c t r o n ic  charge and T is  th e  tem perature  
a p p ro p ria te  to  the d i f fu s in g  p a r t i c l e ,  (T h is  s u b s t itu t io n  is  only s t r i c t l y  
a p p lic a b le  when T is  independent o f  ra d iu s . In  a glow d ischarge th is  is  
n o t the case (Laderman and Byron (1 9 7 1 ))  b u t such an assumption w i l l  n o t  
a f f e c t  the p r in c ip le s  of th e  argument to be p re s e n te d ). W ith  th e  in e q u a l i t ie s  
^e h * » and T^ »  T^ in  an a c t iv e  d ischarge (von E n g el (1 9 6 5 ) ) ,  eq u a tio n
( 2 ,2 ,6 )  becomes
(2 ,2,8)
Thus is  much le ss  than and much g re a te r  than Hence in  a
dc p o s i t iv e  column the e f f e c t  o f the  n e g a tiv e  charge a t the w a ll  and i t s
a s s o c ia te d  f i e l d ,  E , is  to enhance p o s it iv e  io n  d if fu s io n  by a fa c to r  
?e . ^( ;^ )  and h in d e r  e le c tro n  d i f fu s io n  by a fa c to r  (— •) , The p o s it iv e  ion
^ e
w a l l  c u rre n t d e n s ity  F is  g iven  by ( 2 ,2 ,7 )  and ( 2 ,2 ,8 )  as
T
r  -  D Vn, ( 2 ,2 ,9 )—a- *  i a-
T y p ic a l ly  in  a glow d ischarge  kT^ 'v le y  (C^ 'v 10 ^K) w h ile  T^ is  s im i la r  to  
the tem peratu re  o f the  gas m o lecu les  (y  500K) , Thus the p o s it iv e  io n  w a l l
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c u rre n t d e n s ity  is  in c re a s e d  by a fa c to r  o f ^  20 over th e  fre e  d if fu s io n
case (no space charge f ie ld s )  and the d ischarge a s s is ts  in  o b ta in in g
p o s it iv e  io n  mass s p e c tra ,
Wlien th e re  are s e v e ra l types o f p o s it iv e  ion  e f fu s in g  to  the w a l l ,
the w a l l  c u rre n t d e n s ity  o f  the i ’ th  species  is  g iven  by
T
~ 5 7  (2 .2 .1 0 )
where the d e n s ity  g ra d ie n t and io n  tem perature  are ap p ro x im ate ly  the
same f o r  a l l  io n s . The th e o ry  o f  io n ic  d if fu s io n  (eg , Loeb (1961) chs I , I I )  
shows th a t when the masses o f io n  and n e u t r a l  m olecu les are ap p ro x im ate ly  
e q u a l, « (m^)  ^ where m^ is  th e  io n  mass. Thus the  w a ll  c u rre n t  
d e n s it ie s ,  are p ro p o r t io n a l to  m  ^  ^ and low er mass io n s  d if fu s e  to 
the w a l l  more q u ic k ly  than  the more m assive io n s , in tro d u c in g  a mass 
d is c r im in a t io n  a g a in s t heavy mass ions in  the  io n  beam e f fu s in g  from  the  
discharge (D raw in (1 9 6 8 ) ) ,
In  a s teady s ta te  dc p o s it iv e  column, the d if fu s io n  lo s s  o f charged
species is  ba lan ced  by t h e i r  p ro d u c tio n  in  io n is a t io n .  The ra te  o f
p ro d u c tio n  is  then g iv e n  by k^^nN, where k^ is  th e  ra te  c o e f f ic ie n t  fo r  
io n is a t io n  and N is  th e  n e u t r a l  gas d e n s ity . E q u atin g  th is  p ro d u c tio n  
r a te  w ith  the d if fu s io n  lo ss  r a te  expressed in  c y l in d r ic a l  coo rd in a tes
(von Engel (1965) p240) r e s u lts  in  the zero o rd e r B essel e q u a tio n ,
n = 0, (2,2,11)£ 4
dr2
k .NX
A lth o u g h , as w i l l  be d iscussed in  s e c tio n  2 , 3 ,  th e re  is  a f i n i t e  
charge d e n s ity  a t  the w a l l  o f  the d ischarge (th e  w a ll  s h e a th ) , i t  is  
norm al to  s e t n — 0 a t  the w a l l  as a boundary c o n d it io n , en a b lin g  
eq u a tio n  (2 ,2 ,1 1 )  to  be s o lv e d . The s o lu t io n  is  the  zero o rd e r B essel 
fu n c tio n  having  a v a lu e  o f  u n ity  a t  r  =  0 ,  and zero  a t r  — R (where R
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is  the tube r a d iu s ) , ie
nCr) -= J* (2,405 ^ ), (2.2.12)
Th is  d is t r ib u t io n  o,f charged p a r t ic le s  is  based ou the assumptions '
that
Ci) the gas temperature, and N are independent of radial position 
in the discharge tube,
( i i )  th e re  are no n e g a tiv e  ions in  the d is c h a rg e ,
( i i i )  n (R ) = 0 ,
U sing  th e  p ro p e r ty  o f  B esse l fu n c t io n s ,
Id ^ (a r) } - = - ( %  Jj, Car) , 
the radial variation of charged particle flux, obtained from equations
( 2 ,2 ,7 )  and ( 2 . 2 , 1 2 ) ,  is
2 ,4 0 5  D n
r(r) = ------ " ' ' " (2,405 ^) =r^J/2.405§) (2.2.15)
Curves re p re s e n tin g  the r a d ia l  v a r ia t io n  in  n ( r )  (e q u a tio n  ( 2 ,2 ,1 2 ) )  and 
r ( r )  (e q u a tio n  ( 2 ,2 ,1 3 ) )  are shown in  f ig u r e  2 ,2 ,1 ,
An express ion  r e la t in g  th e  number o f  p o s it iv e  ions e f fu s in g  th rough :
a sam pling o r i f i c e  o f a rea  A , p e r  second, m aybe d e riv e d  from e q u a tio n  (2 ,2 ,1 3 ) ;
in  terms o f e x p e rim e n ta l v a r ia b le s .  Thus,
i^  =  A r (R )
1 .25  D n A
:----------    ( 2 .2 ,1 4 )
Th is  assumes th a t  th e  sam pling o r i f i c e  is  s u f f ic ie n t ly  sm all n o t to
a f f e c t  the n a tu r a l  plasm a processes in  i t s  v i c i n i t y  (see s e c tio n  2 . 4 ) .  i
From eq u atio n  ( 2 , 2 , 8 ) ,
. 1 . 2 5  Ui T n A 
y  -  ' "  T
When io n  and n e u t r a l  m o le c u le  masses are ap p ro x im a te ly  equal then
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(see eg Loeb (1961) p202) v ,  where 9kj. is  the  ion mean f re e  p ath
( in v e r s e ly  p ro p o r t io n a l to gas d e n s ity  N) and v  is  the ro o t  mean square  
therm al v e lo c i t y  o f gas m o lecu les  (p ro p o r t io n a l to (T ^ /m )^ ), S ince
-  T g , the gas te m p e ra tu re , eq u a tio n  (2 ,2 ,1 5 )  y ie ld s
,n A T  o e ( 2 . 2 ,1 6 )
• CT m) %
In  a d d it io n  to  th e  p re v io u s ly  m entioned mass d is c r im in a t io n , the 
sampled c u rre n t o f p o s it iv e  ions depends on n^ ( i e  on the d ischarge c u r r e n t ) , 
the gas tem p e ra tu re , the d ischarge tube ra d iu s  and the gas number d e n s ity  
( ie  d ischarge p re s s u re ) .
(r)/n0 .8
0.6
0.2
0.0
0.0 1 .0
r/R
F ig u re  2 ,2 ,1  R a d ia l v a r ia t io n  o f  charge d e n s ity  (n ) ■ and c h a rg e d *-p a rtic le  
f lu x  ( r )  c a lc u la te d  from  eq u atio n s  (2 ,2 ,1 2 )  and ( 2 . 2 , 1 3 ) ,
The r e la t io n  ( 2 ,2 ,1 6 )  has been d e riv e d  in  a form  w hich has been 
found to  be u s e fu l in  a n a ly s is  o f e x p e rim e n ta l re s u lts  o f sam pling o f  
p o s it iv e  ions from  d ischarges t y p ic a l  o f  carbon d io x id e  la s e r  gases
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(see ch ap te r 3 ) ,  Most l i t e r a t u r e  re p o rts  o f  p o s it iv e  ion  sam pling are  
p resen ted  in  terras o f  r e la t iv e  v a r ia t io n s  in  io n  d e n s it ie s  w ith  v a ry in g  
discharge co n d itio n s  and do n o t cons ider the o v e ra ll  v a r ia t io n  o f sainpling  
e f f ic ie n c y  w ith  d ischarge c u r r e n t ,  p re s s u re , tube ra d iu s , e tc .  F or  
th is  reason comparison o f the p re d ic t io n s  of, eq u atio n  (2 ,2 ,1 6 )  w ith  
p u b lis h ed  e x p e rim e n ta l r e s u lts  o f abso lu te  ion e f fu s io n  c u rre n ts  is  
l im ite d  by la c k  o f in fo rm a tio n ,
Kuelur and Chan in  (19 72) have p u b lis h e d  abso lu te  measurements o f ion  
cu rre n ts  e f fu s in g  from  He-SO^ m ix tu re s  as a fu n c tio n  o f d ischarge c u rre n t  
and p re s s u re . They f in d  a decrease in  io n  c u rre n t by two orders  of 
magnitude as p re ss u re  in c rea se s  from  1 t o r r  to 6 t o r r  in  a 15 mA dc d isc h arg e . 
A t 1 t o r r  p re s s u re , the same authors f in d  an in crease  in  t o t a l  ion  s ig n a l  
o f  'V 2 ,5  tim es when d ischarge c u rre n t is  in c rea se d  from  5 mA to 30 mA.
Both these re s u lts  a re  q u a l i t a t iv e ly  p re d ic te d  by r e la t io n  ( 2 ,2 .1 6 ) .
S im i la r ly ,  a decrease in  t o t a l  p o s it iv e  io n  e ffu s io n  c u rre n t w ith  in c re a s in g  
p ressure  has been observed by Evans and Jennings (1965 ) and Pahl (1 9 6 3 ) .
Evans and Jennings have measured re d u c tio n s  in  t o t a l  p o s it iv e  ion  c u rre n t  
by g re a te r  than an o rd e r  o f m agnitude in  r f  d ischarges in  CO  ^ ( 0 ,2 -2  t o r r  
pressure  range) and CO (0 .4 - 1 ,2 5  t o r r  p ressure  ra n g e ). S im ila r  la rg e  
re d u c tio n s  in  the number o f ions e f fu s in g  from  a dc d ischarge  have been 
re p o rte d  by F a lil in  pure A r , A r-H e and Ar-H^ m ix tu res  over the 0 ,0 5 -1 .6  t o r r  
pressure  range.
Some d i f f i c u l t y  may a r is e  in  using  r e la t io n  ( 2 .2 .1 6 )  in  a n a ly s is  o f  
r f  d isc h arg es , S c h ild c ro u t e t  a l  (1970) have measured a severe drop in  
the t o t a l  ion  s ig n a l observed from  an r f  CO2  d ischarge when the p ressure  is  
in c re a s e d  from  0 . 1 -  0*5  t o r r ,  w hich th e y  have a t t r ib u te d  to  decreas ing  power 
in p u t e f f ic ie n c y  a t  the h ig h e r  p re s s u re s . This re s u lts  in  a drop in
58
e le c tro n  and io n  d e n s it ie s  in  the d isch arg e . In  such a s i tu a t io n  i t  is  
l i k e ly  th a t  v a r ia t io n s  in  n ^ , and in  eq u atio n  (2 ,2 ,1 6 )  occur 
s im u lta n e o u s ly  \ f i t h  p res su re  in c re a s e , a l l  c o n tr ib u tin g  to the observed  
decrease in  p o s it iv e  io n  e ffu s io n  c u rre n t.
A lthough p u b lis h e d  v a r ia t io n s  in  io n  c u rre n t w ith  p ressu re  and 
c u rre n t are q u a l i t a t iv e ly  as p re d ic te d  by eq u atio n  (2 ,2 ,1 6 )  over the  
l im ite d  ranges o f  param eters tre a te d  in  the l i t e r a t u r e ,  i t  should be 
noted  th a t eq u atio n  ( 2 ,2 ,1 6 )  is  o f l im it e d  v a l i d i t y .  I t  does not in c lu d e  
tire e f f e c t s  o f m o le c u la r d is s o c ia t io n  le a d in g  to gas com position changes, 
o r volume recom bination  o f ions and e le c tro n s  (see s e c tio n  2 , 2 . 3 ) ,
These e f fe c ts  va ry  in  im portance as d ischarge c u r re n t ,  tube ra d iu s  and 
pressure  change. A lso  changes in  gas and e le c tro n  tem peratures are  
i n t r i n s i c a l l y  lin k e d  to  changes in  p ressu re  and c u r re n t , and the e f f e c t  
o f v a ry in g  a s in g le  param eter cannot be is o la te d .  The l im ita t io n s  on the  
use o f  eq u atio n  ( 2 ,2 ,1 6 )  are d iscussed in  ch ap ter 3 (s e c t io n  3 ,2 )  in  
an a n a ly s is  o f  io n  c u rre n ts  e f fu s in g  from  discharges t y p ic a l  o f  COg la s e rs .
The usefu lness o f  e q u a tio n  (2 ,2 ,1 6 )  is  th a t  i t  in d ic a te s  the regime  
o f  o p e ra tin g  c o n d itio n s  where p o s it iv e  io n  c u rre n ts  e f fu s in g  from  gas 
discharges should  be e a s i ly  d e te c te d . Thus the low  p ressu re  (0 -5  to r r )  
and moderate c u rre n t re g io n  ( v 10-50  mA) has been p a r t ic u la r ly  favoured  
as a gas d ischarge p o s it iv e  io n  source (eg P ah l (1 9 6 3 ) ,  Knewstubb and 
T ic k n e r ( 1 9 6 2 ( a ) ) ,  Dawson and T ic k n e r (1 9 6 3 ) ,  Kuehn and Chanin (1 9 7 2 ,1 9 7 3 ) ,  
Tannen e t  a l  (1974) and Keren e t  a l ( 1 9 7 6 ) ) .  However, as p re v io u s ly  
s ta te d ,  r e la t iv e  peak h e ig h ts  r a th e r  than  abso lu te  io n  c u rren ts  are  
g e n e ra lly  re p o rte d  in  the l i t e r a t u r e .
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2 .2 .2  The E f f e c t  o f  N e g a tiv e  Ions on P o s it iv e  Ion  D if fu s io n
The aW oipolar d if fu s io n  th e o ry  a p p lic a b le  to the p o s it iv e  column 
in  an e le c tro n e g a t iv e  gas has been d e riv e d  by Thompson (1 9 5 9 ) , T liis  theory  
is  analogous to th a t  developed in  s e c t io n (2 ,2 ,1 )  b u t con ta ins  an a d d it io n a l  
n e g a tiv e  ion w a l l  c u rre n t d e n s ity ,
L  =  -  " j. ^
r ~ - D V n - p n E ( 2 .2 .1 7 )
In  e q u il ib r iu m , when charge n e u t r a l i t y  ho lds in  the p lasm a, then
r ^ - r  ■+ T and n  ^ =  n - > n .  P roceeding  as b e fo re  E is  e lim in a te d  to  —i- —_  —e -3- e s
y ie ld
where
Xa- — — D
r = - 0a-
r—e =  — D
D , = Da3* d"
D =  Da- +
D =  D,ae
a3-
( 2 .2 .1 8 )
ae
(1  -i- Y -f 2ay) (1  -> ap^7p^)
(I + ay) {1 3- p^(l • ¥ a)/p^-> ap^ 7-p'^ '}
p_(l y -Î- 2ay)
y Vg ï'i' '^ V^ ( l  *}• a) /p^ +
(1 + y + 2gy)
( 2 .2 .1 9 )
I  ^  cc)7p^ •3*
In  these equations  y is  the r a t io  o f  the e le c tro n  tem perature  to the 
io n  tem perature  (assuming T^ =  T ^ ) ,  ie  y =  T^7T^. The r a t io  o f  the  
n e g a tiv e  io n  to  e le c tro n  c o n c e n tra tio n  is  a , Tliese t h e o r e t ic a l  am bipolar 
d if fu s io n  c o e f f ic ie n ts  are p lo t te d  as a fu n c tio n  o f a in  f ig u re  2 . 2 , 2  
(ta k e n  from B le tz in g e r  e t  a l  (1 9 7 5 ))  fo r  a m ix tu re  o f COm, N» and He in  
the r a t io  5 -1 5 -8 0 ,  and are th e  o n ly  p u b lis h e d  r e s u lts  f o r  a tyqpical CO2  
la s e r  m ix tu re .
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M ’nPOUAl? DfFUSO N COEFFICIENTS
- [c o îji
F ig u re  2 , 2 , 2  A m bipolar d if fu s io n  c o e f f ic ie n ts  in  a 5 -1 5 ^ 8 0 , CO^^N^-^He
-m ix tu re , c a lc u la te d  as a fu n c tio n  of (fro m  B le tz in g e r  e t  a l ( 1 9 7 5 ) ) .
Wlien the n e g a tiv e  io n  d e n s ity  is  much less  than the e le c tro n  d e n s ity  
_1(a  < 10 ) D ^ ~ D  , and the s i tu a t io n  is  id e n t ic a l  to  th a t  d escrib eda+ ae '
2in  s e c tio n  2 . 2 , 1 ,  A t la rg e  n e g a tiv e  io n  d e n s it ie s  (a  > 10 ) the e le c tro n  
am bipo lar d if fu s io n  c o e f f ic ie n t  is  la rg e  and e le c tro n  loss  is  g re a t .
Tlie plasma is  m a in ly  composed o f p o s it iv e  and n e g a tiv e  ions both  h av in g
ap p ro x im ate ly  the  same d if fu s io n  c o e f f ic ie n t ,  D^, In  the in te rm e d ia te
' • ' 1 2 ,  regime (1 0  < a < 10 ) the a n b ip o la r  c o e f f ic ie n t  fo r  p o s it iv e  io n s , ,
decreases from  a v a lu e  o f  'v 20D^ to  'V D_ , The e f f e c t  o f th is  v a r ia t io n
in  d if fu s io n  c o e f f ic ie n t  on p o s it iv e  io n  e f fu s io n  cu rren ts  is  dem onstrated
in  the decay o f  a fte rg lo w  plasmas ( F i t e  and R u th e rfo rd  (1964) , P u c k e tt
e t  a l  (1 9 7 1 ) ,  Sm ith and Plumb (1 9 7 3 ) ) ,
S im ultaneous o b s e rv a tio n  o f  p o s it iv e  and n e g a tiv e  ions from  a fte rg lo w
plasmas shows t h a t ,  i n "the e a r ly  a fte rg lo w  , p o s it iv e  io n  d e n s it ie s  decay
a t  a ra te  determ ined by p o s it iv e  ion  '•' e le c tro n  am bipo lar d if fu s io n  (see
s e c tio n  2 ,2 ,1 )  w h ile  no n e g a tiv e  ions are  d e te c te d .
In  th e  e a r ly  a f te rg lo w , the plasm a conta ins  p o s it iv e  and n e g a tiv e  ions
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and e le c tro n s . Assuming a v a lu e  o f  aCn^7n^) o f  v 10 , f ig u r e  2 , 2 , 2
p re d ic ts  a p p ro x im ate ly  e q u a l d if fu s io n  c o e f f ic ie n ts  fo r  p o s it iv e  ions  
and e le c t ro n s , w ith  a v e ry  low n e g a tiv e  io n  d if fu s io n  r a t e ,  (A lthough  
f ig u r e  2 , 2 , 2  re fe rs  to  a gas m ix tu re , the s itu a t io n  w i l l  b e ,
at le a s t ,  q u a l i t a t iv e ly  th e  same f o r  o th e r  e le c tro n e g a t iv e  gas m ix tu re s ,  
fo r  w hich no s im i la r  c a lc u la t io n  e x is t s , )  The r e s u lt  is  ap p ro x im ate ly  
eq u a l d if fu s iv e  decay o f  p o s it iv e  ions and e le c tro n s  ( f ig u r e  2 , 2 , 3 ) ,
A 6 8 10 12 14 16
Afterglow time (m s)
F ig u re  2 , 2 , 3  Dependence o f io n  and e le c tro n  c u rre n ts  in  a s ta t io n a ry  
a fte rg lo w  in  a krypton-'oxygen m ix tu re , A rp o s it iv e  ions (32 amu) ; 
B -n e g a tiv e  ions (16 amu); C -e le c tro n s ;  (fro m  Sm ith and Plumb (1 9 7 3 ) ) ,
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However, as the  e le c tro n s  decay, the v a lu e  o f a in c re a s e s . This has
2ttTO e f f e c t s .  F i r s t ,  when a v 10 , e le c tro n  d if fu s io n  is  ra p id  and the
e le c tro n  d e n s ity  f a l l s  q u id c ly  to  z e ro , as i l l u s t r a t e d  in  f ig u re  2 , 2 , 3 ,
Second, as the e le c tro n s  decay p o s it iv e  io n ^ e le c tro n  am bipolar d if fu s io n
breaks down and am bipo lar d if fu s io n  o f  p o s it iv e  and n e g a tiv e  ions talces
over. The p o s it iv e  io n  d if fu s io n  c o e f f ic ie n t  is  reduced from  v 20D^
to  w h ile  the n e g a tiv e  ion  d if fu s io n  c o e f f ic ie n t  in c re ase s  from
" IV 10 to  V D^, Thus p o s it iv e  ions decay more s lo w ly , w h ile  n e g a tiv e
io n s , no lo n g er trapped  in  the p o s it iv e  ion*~electron  am bipo lar d if fu s io n  
f i e l d ,  are now d e te c te d  and decay at the same r a te  as the  p o s it iv e  ions  
( f ig u r e  2 , 2 , 3 ) ,
Hence tire decaying a fte rg lo w  re p re sen ts  a tim e-dependent v a r ia t io n  in  
a , w ith  th e  corresponding  v a r ia t io n s  in  d if fu s io n  c o e f f ic ie n t s .  However 
in  a s teady  s ta te  d ischarge o n ly  one v a lu e  o f a w i l l  p e r s is t  and the 
p o s it iv e  io n ,  n e g a tiv e  io n  and e le c tro n  w a l l  cu rre n ts  w i l l  be determ ined  
a c c o rd in g ly .
An im p o rta n t e f f e c t  o c c u rr in g  in  d ischarges in  e le c tro n e g a t iv e  
gases is  th e  p o s it iv e  ion  -  n e g a tiv e  io n  recom bination  p rocess . The 
ra te  a t w hich th is  process proceeds depends on the n a tu re  o f  b o th  p o s it iv e  
and n e g a tiv e  io n  types (O lsen  ( 1 9 7 2 ) ) ,  The process is  p a r t  o f the n a tu ra l  
b eh av io u r o f  th e  plasm a and the r e s u lt in g  p o s it iv e  io n  spectrum  is  t y p ic a l  
o f  the plasm a. However, in  a f te rg lo w  plasmas th is  io n - io n  re  com bination  
can le a d  to  a more ra p id  loss o f p o s it iv e  and n e g a tiv e  ions than  would be 
expected  from  am bipo lar d i f fu s io n .  Th is  w i l l  occur when the c h a r a c te r is t ic  
recom bination  time is  s h o r te r  than  the am bipolar d if fu s io n  tim e in  the 
a fte rg lo w  and can le a d  to  d i f f i c u l t i e s  in  io n  8.ampling (p o s it iv e  o r n e g a tiv e  
io n s ) in  these plasmas (see  s e c tio n  5 , 2 ) ,
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2 . 2 . 3  P o s it iv e  Io n  W a ll C urren ts In  the Presence o f  Volume Recom bination  
When e le c tro n s  and p o s it iv e  ions are lo s t  by volume recom bination  as 
w e ll  as d i f f u s io n ,  the s teady s t a t e  charged p a r t ic le  co n serva tio n  eq u a tio n
is  (F ra n c is  (1956) p l2  8) ,
(2 ,2 .20)
where g is  the two'-'body p o s it iv e  io n 'é le c t r o n  recom bination  c o e f f ic ie n t
and n =  n^ =  n^. This e q u a tio n  is  n o n - l in e a r  and the r a d ia l  d is t r ib u t io n
of n can o n ly  be found by n u m e ric a l methods. This type o f s o lu t io n  has been
perform ed f o r  argon by H a to r i  and Shioda (19 76) fo r  th e  case when both
3 and depend on the gas and e le c tro n  tem peratures r a d ia l  d is t r ib u t io n s .
R e s u lts , reproduced in  f ig u re  2 , 2 , 4 ,  show th a t  f o r  low va lu es  o f n
(n^ 'v. 10^^ cm ^ on the d ischarge a x is ) the  d ischarge p r o f i l e  is  b roader
than the B essel d is t r ib u t io n  d e riv e d  in  s e c tio n  2 . 2 , 1 ,  Assuming d if fu s io n
to  be les s  im p o rta n t than volume re c o m b in a tio n , e q u a tio n  ( 2 , 2 , 2 0 )  p re d ic ts  
. k .N
a va lu e  o f  n ^ , Th is  v a lu e  is  independent o f  r a d ia l  p o s it io n  in  the
d is c h a rg e , b u t s in ce  charged p a r t ic le  d e n s it ie s  are assumed to  be zero  
a t  th e  w a l l ,  the  g ra d ie n t in  charged p a r t ic le  d e n s it ie s  n e a r the w a ll  
is  la rg e  and the d if fu s io n  term  becomes im p o rta n t h e re . Thus the broad  
d is t r ib u t io n  o f f ig u r e  2 , 2 , 4 ( a )  is  e x p la in e d .
(o) P ■“ 40  Torrc 05
0.0
r (mm )
(b) P « 4 0  Torr 
n ,o= 5px lO '% -
S
0.0
r (mm)
F ig u re  2 . 2 . 4  R a d ia l p r o f i le s  o f e le c tro n  d e n s ity  in  argon d ischarges  
computed by H a to r i  and Shioda ( 1 9 7 6 ) ,  (a )  d if fu s e  d is c h a rg e ,
(b ) c o n s tr ic te d  d isch arg e .
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F ig u re  2 , 2 . 4(b)  shows th a t  when the d ischarge c u rre n t is  in creased
(n^ 'V 5 X cm ^ on the a x is ) the d ischarge c o n trac ts  to  a much n arrow er
r a d ia l  d is t r ib u t io n  o f  d ia rg ed  p a r t ic le s .  The e x p la n a tio n  o f  th is  phenomenon
l ie s  in  the dependence o f g and on gas and e le c tro n  te m p era tu res . Both
these tem peratures w i l l  be h ig h e r  on the d ischarge axis  than at the w a l l .
Since the recom bination  c o e f f ic ie n t  has been e x p e r im e n ta lly  shown to
decrease w ith  in c re a s in g  gas tem perature  and io n iz a t io n  in c re as e s  w ith
e le c tro n  tem perature in c re a s e  (Brown (1 9 5 9 ))  then on the ax is  charged
p a r t ic le  loss w i l l  be s m a lle r  as th e  gas tem perature is  ra is e d . Such an
in crea se  in  gas tem perature occurs when the d ischarge c u rre n t is  in c re a s e d
corresponding  to  th e  s i tu a t io n  o f f ig u r e  2 , 2 , 4 ( b)  where volume reco m b in a tio n
is  more e f f e c t iv e  n e a r the c o o le r  w a lls  than a t the c e n tre  o f  the  d isc h arg e .
S im ila r  r e s u lts  have been e x p e rim e n ta lly  found by K enty (1962) fo r
a ^2 d isch arg e . Th is  d ischarge broadens r e la t iv e  to  the Bessel
d is t r ib u t io n  f o r  cu rre n ts  up to  10 mA, b u t a 15 mA d ischarge  has a
f i la m e n ta ry  form , Kenty has a lso  no ted  a decrease in  the average r a d ia l
e l e c t r i c  f i e l d ,  which decreases from  a va lu e  o f  1 ,4V at  1 mA to
0 , 5 V  cm~^at 10 mA,
The e f f e c t  o f  volume reco m b in atio n  on the charged p a r t ic le  r a d ia l
2d is t r ib u t io n  w i l l  o n ly  be im p o rta n t when the recom bination  term , 3n ,
2outweighs the  d if fu s io n  loss te rm , D^V n , When th is  is  no t so , the
r a d ia l  d is t r ib u t io n  is  d if fu s io n  c o n tro lle d  and the th eo ry  is  th a t  o f
s e c tio n  2 , 2 , 1 ,  Thus c o n tra c tio n  o f  the p o s it iv e  column may be expected
2a t h ig h  c u rre n ts  ( la r g e  gn ) o r a t  h ig h  pressures where d if fu s io n  is  slow  
2(s m a ll V n ) , Von E ngel (1965 p253) compares the  d if fu s io n  t im e , Xp, 
w ith  the  c h a r a c te r is t ic  tim e f o r  volume re c o m b in a tio n , x He shows
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t l ia t  s in ce  % R and x  CZ: l / n g , c o n tra c tio n  becomes im p o rta n t when.2D ' "a  ' r e c '
^ D p
i e  np > ■— , ( 2 , 2 , 2 1 )
^ R^g
where p is  th e  d ischarge p re s s u re . F o r a ty p ic a l  •m olecu lar gas
D^p a, 500 cm^  t o r r  s  ^ w h ile  g ^ 10 ^ cnP s , Thus fo r  a 1 cm ra d iu s
1.0 ~'3d ischarge tube np % 5 x  10 t o r r  cm f o r  c o n tra c t io n ,
Wlien c o n tra c tio n  o f the  p o s it iv e  column occu rs , the r a d ia l  charged
p a r t ic le  d is t r ib u t io n  and i t s  g ra d ie n t ,  Vn, are changed from t h e i r  
d if fu s io n  c o n tro lle d  va lu es  (s e c tio n  2 , 2 , 1 ) ,  Thus the p o s it iv e  io n  w a l l  
c u rre n t w i l l  be changed from i t s  d if fu s io n  c o n tro lle d  v a lu e  g iven  by 
eq u a tio n  ( 2 , 2 , 1 3 ) ,  A p p re c ia b le  reco m b in a tio n  o f p o s it iv e  ions be f o r e  they  
can d if fu s e  to the w a l l  r e s u lts  in  a low p o s it iv e  io n  e f fu s io n  c u rre n t.
Thus the  v a lu e  o f  np should be k e p t below  the l i m i t  in d ic a te d  by eq u a tio n
( 2 , 2 , 2 1 ) ,  In  most glow d ischarges n 'v 10^ to 10^^ cm ^ and p is  n,l
9 11 —3to  10 t o r r  g iv in g  10 < np < 10 t o r r  cm , thus volume recom bination
is  u s u a lly  no t im p o rta n t.
The p reced in g  d iscuss ion  has a number o f  im p o rta n t consequences
concerning m a s s -s p e c tro m e trie  a n a ly s is  o f p o s it iv e  io n  cu rre n ts  e f fu s in g
from  the p o s it iv e  column o f a dc glow d isch arg e . F i r s t ,  in  d if fu s in g  to
the d ischarge w a l l ,  a m a s s -d is c r im in a to ry  e f f e c t  p ro p o r t io n a l to
(m^)  ^ is  in tro d u c e d  (see e q u a tio n ( 2 , 2 , 1 5 ) ) ,  thus fa v o u r in g  l ig h t e r  io n s .
Second, the io n  e ffu s io n  c u rre n t depends on c o n d itio n s  p r e v a i l in g  in  the
d ischarge (eg c u r re n t , p re s s u re , tube r a d iu s ) .  E q u atio n  ( 2 , 2 , 1 6 )  g ives
tlxe p re d ic te d  dependence f o r  a d ischarge where ions are produced by d ir e c t
e le c tro n  im pact io n is a t io n ,  and are l o s t  by nm bipolar d i f f u s io n ,  o n ly .
However, the io n  e f fu s io n  cu rre n ts  are -m odified  by the presence o f  n e g a tiv e
6ions a n d /o r volume re c o p h ln a tio n  o f e le c tro n s  and p o s it iv e  ions as d iscussed  
in  s ec tio n s  2 , 2 . 2  and 2 , 2 . 3 .
The presence o f n e g a tiv e  ions has been p re d ic te d  to  s ig n i f ic a n t ly
cliange am bipo lar d if fu s io n  c o e f f ic ie n ts  when n e g a tiv e  io n  and e le c tro n
d e n s it ie s  are s im i la r  in  m agn itude. Volume recom bination  can le a d  to
c o n tra c tio n  o f the d ischarge column when h ig h  cu rren ts  a n d /o r  pressures
10 —3are used (np % 5 % 10 t o r r  cm ) w ith  a r e s u lt in g  change in  p o s it iv e  
io n  e ffu s io n  c u rre n t.
A l so ,  p o s it iv e  ions must cross a w a l l  sheath  between d ischarge and 
io n  sam pling o r i f i c e .  Such a sh e a th  re s u lts  from  d i f f e r e n t  e le c tro n  and 
p o s it iv e  io n  m o b i l i t ie s ,  as d iscussed in  s e c tio n  2 . 2 . 1 ,
The consequences o f  the e x is te n c e  o f the w a l l  sh ea th  are considered  
in  the nex t s e c tio n .
2 .3  POSITIVE TON EXTRACTION THROUGH THE WALL SHEATH
2 . 3 , 1  The W a ll Sheath a t Low P ressure
As p o s it iv e  ions d if fu s e  r a d ia l l y  from  the d ischarge axis to the w a l l ,  
they e n te r  the w a l l  sh e a th . Th is  is  a t r a n s i t io n  re g io n  between the b u lk  
plasma and the d i e le c t r ic  w a l l .  I t s  e f f e c t  on p o s it iv e  io n  c u rre n t to  
the w a ll  must be understood so th a t  sam pling through an o r i f i c e  lo c a te d  
in  th e  w a l l  can be e v a lu a te d . The in f lu e n c e  o f the sheath  on e f fu s in g  
ion  c u rren ts  depends on w h eth er the o r i f ic e  is  d ie le c t r ic  o r m e t a l l ic  and 
w h eth er the ions pass 'through the w a l l  sheath  w ith o u t c o l l is io n .  The 
s in p le r  case o f  a low p re s s u re , c o l l is io n  less sheath  and d ie le c t r ic  w a l l  
is  considered  f i r s t ,  iv ith  the h ig h e r  p ressure  sheath  and the comparison  
o f d ie le c t r ic  and m e t a l l ic  o r i f ic e s  considered  in  l a t e r  s e c tio n s .
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In  the absence o f  a w a l l  sheath  the random th erm al c u rre n t o f  e le c tro n s  
to  the w a l l  is  |n ^  , and th a t  o f  p o s it iv e  ions is  |n ^  v^ , But s in ce  the
therm al v e lo c ity  o f  e le c tro n s , v ^ , is  c o n s id e ra b ly  g re a te r  than th a t  o f 
p o s it iv e  io n s , v ^ , and s ince  n^ -= n^ in  the  absence o f n e g a tiv e  ions in  
the p lasm a, the e le c tro n  c u rre n t to  th e  w a l l  would exceed the p o s it iv e  
io n  c u rre n t. In  o rd e r th a t  c u rre n t e q u a l i ty  is  p reserve d  ( i e  1^ -  i^.) 
a n e g a tiv e  space drarge accumulates on the d ie le c t r ic  w a l l  and the p o t e n t ia l  
at w h ich  the w a l l  f lo a t s ,  V ^ , impedes e le c tro n  f lo w  to  the  w a l l ,  as 
discussed in  s e c tio n  2 , 2 , 1 ,  Thus, the sheath  is  a re g io n  over w hich the 
in f lu e n c e  o f the n e g a tiv e  w a l l  charge ex ten d s .
Assuming a mean e le c tro n  d e n s ity  o f  n^ in  the b u lk  plasm a and a M axw ell- 
Boltzmann d is t r ib u t io n  o f e le c tro n  e n e rg ie s , the nuiiber o f e le c tro n s  p e r  
u n it  volume w ith  energy s u f f ic ie n t  to  cross th e  sheath  is  n e x p C -e V ^ /k T ^ ). 
The number o f e le c tro n s  in c id e n t  on u n it  a rea  o f  w a l l  p e r  second due to  
random therm al m otion  is  th en  |n ^  expC'"^Vj:_/kT^), S im i la r ly  the c u rre n t  
o f p o s it iv e  io n s  In c id e n t  on u n it  a re a  o f  w a l l  p e r  second is  |n ^  v^ . Thus, 
in  the s teady sta<te, s in ce  n -  n ,
V exp e ^ kT • e
v q . ( 2 ,3 ,1 )
The mean th erm al v e lo c ity  o f  e le c tro n s  is  v^ =  CSlcT^/rm^)  ^ , w h ile
JLth a t o f p o s it iv e  ions  is  v^ =  CSkT^y-nm^) Hence e q u a tio n  ( 2 . 3 , 1 )  y ie ld s  
the p o t e n t ia l  d if fe re n c e  betw een the  w a l l  and the sheath  edge as
( 2 . 3 , 2 )
kT
"T m
■3- 0
(von E ngel ( 1 9 6 5 ) ,  p249 ) .
In  o rd er to  c a lc u la te  the mean e l e c t r i c  f i e l d  in  the sheath  an 
e s tim a te  o f  the sheath  th ickn ess  is  re q u ire d . This may be ach ieved  by
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t r e a t in g  the sheath  as a space—charge l im ite d  diode o f p la n a r  geom etry, 
w ith  V =  a t  the p lane  plasm a sheath  boundary and V =  0 a t the w a l l .
I f  the e l e c t r i c  f i e l d  is  ze ro  ou ts id e  th e  s h e a th , and i f  the mean charge 
d e n s ity  in  the sheath  is  n^ Cin no e le c tro n s  o r n e g a tiv e  ions in  the  
sheath) , then the  environm ent o f  a p o s it iv e  ion  in  the c o l l is io n le s s  sheath  
is  s im i la r  to  t h a t  o f  an e le c tro n  in  a space-charge l im ite d  d iode.
Tlius we can apply a suitably modified Child-Langmuir relation, (H asted  (1974))
4e o 2e 
9 V'm,
V 3 /2
( 2 . 3 , 3 )
where d  ^ is  the sheath  th id e n e s s , is  the p e r m i t t iv i t y  o f  fre e  space,  
m  ^ is  th e  io n  mass and is  the p o s it iv e  io n  c u rre n t d e n s ity  c ro ss in g
the sheath  to  the w a l l .
Thus
8kT
in  e ( 2 . 3 . 4 )
S u b s t itu t io n  o f ( 2 , 3 , 4 )  in to  ( 2 ,3 ,3 )  y ie ld s
8e
V ekT C 2 .3 .5 )
showing th a t  th e  sh e a th  t h i  dene ss is  p ro p o r t io n a l to  ‘ ,
In  a t h e o r e t ic a l  a n a ly s is  o f th e  dependence o f  the sheath  th ickness  
on probe v o lta g e , f o r  s p h e r ic a l and c y l in d r ic a l  Langm uir probes, 
B e tt in g e r  and . W alker ( 196$ )  d e riv e d  the r e la t io n s h ip
eV
kT ( 2 . 3 . 6 )
where is  the probe v o lta g e  w ith  re s p e c t to  th e  plasm a and is  the  
Debye le n g th ,
^o k^e ( 2 , 3 , 7 )
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From t h e i r  a n a ly s is , e q u a tio n  ( 2 ,3 .6 )  a p p lie s  when the probe rad ius
is  much g re a te r  than the sheath  th ickness and when eV /k T  >> 1,p e
Thus, f o r  the case o f  a d ie le c t r ic  o r i f i c e  lo c a te d  in  a d ischarge tube 
w a l l ,  th e  space—charge l im it e d  diode d e r iv a t io n  (e q u a tio n  ( 2 .3 .5 ) )  
p rov ides  an e s tim a te  o f  d ^ , w h ile  f o r  the case o f a p in h o le  in  a m e t a l l ic  
d is c , th e  c y l in d r ic a l  probe th eo ry  le a d in g  to  eq u atio n  ( 2 .3 .6 )  may be 
more a p p ro p r ia te , e s p e c ia l ly  a t  h ig h  probe v o ltag es  (V^ > V ^ ). However, 
d e s p ite  the approxim ations in v o lv e d  in  each d e r iv a t io n ,  the  fu n c t io n a l  
dependence o f  d  ^ on v o lta g e  is  the same, and both  equations w i l l  be shown 
to  g ive  s im i la r  r e s u lts .
For a plasma w ith  kT^ = 4eV, T^ = T^ = 40OK, n^ •= n^ ~ 10^^ cm
equations ( 2 , 3 , 2 ) ,  ( 2 , 3 , 7 ) ,  ( 2 ,3 ,5 )  and ( 2 ,3 ,6 )  g ive
Vg = 30 V
-  2 X 10  ^ cm
dg = 0 .2 3  cm (fro m  eq u atio n  ( 2 , 3 , 5 ) )
d  ^ = 0 ,2 0  cm Cfrom eq u atio n  C 2 ,3 ,6 ) )
and E , = ' h  -  130 V cm"’'.
Th is  e l e c t r i c  f i e l d  is  a p p ro x im ate ly  one o rd er o f m agnitude g re a te r  than
the a x ia l  e le c t r i c  f i e l d  in  the p o s it iv e  column o f  a dc glow d ischarge  
a t  low  p re s s u re . T h is  e s tim a te  o f  the mean e le c t r i c  f i e l d  is  im p o rta n t
in  the a n a ly s is  o f  ion  lens e f fe c ts  considered in  s e c tio n  2 ,4 .2 .
I t  is  a lso  im p o rta n t to  c o n s id e r the energy acq u ired  by ions in  
cro ss in g  the sheath  when no c o llis io n s .'.o c c u r . In  p ra c t ic e  a c o l l is io n le s s  
sheath is  o n ly  r e a l is e d  a t  p ressures o f  less than v  10  ^ t o r r ,  where the
io n  mean f re e  p a th , 3 ^ , is  g r e a te r  than th e  sheath  th ic k n e s s , d^. Id e a l ly
the mass spectrom eter used to  analyse ions  from  a glow d ischarge w i l l
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have constant s e n s i t iv i t y  and re s o lu t io n  over the complete range o f  io n  
en erg ie s  sampled, thus the r e la t iv e  peak h e ig h ts  w i l l  be independent of 
the io n  energy d is t r ib u t io n s  o f the e f fu s in g  io n s . The quadrupole mass 
sp ectrom eter is  no ted  f o r  i t s  constan t tra n sm iss io n  over a w ide range o f  
io n  v e lo c i t ie s  th rough  th e  quadrupole f i e l d  and fo r  th is  reason is  favoured  
fo r  io n  sam pling from  glow d is d ia rg e s  (S tu d n ia rz  and F ra n k lin  (1 9 6 8 ) ) .  
However, Kohout and Neisw ender (1970) have observed th a t  ions d r i f t in g  
tlirough th e  quadrupole f i e l d  must exp erien ce  a minimum number o f  cyc les
o f the ra d io -fre q u e n c y  f i e l d  f o r  a re s o lu t io n  R to  be ach ieved .
I f  an ion  o f speed v t ra v e ls  through a quadrupole mass a n a ly s e r o f  
le n g th  L , where the e le c t r i c  f i e l d  o s c i l la te s  w ith  frequency f ,  then  
the number o f  o s c i l la t io n s  e xp erien ce d  by th e  io n  is
N ( 2 .3 .8 )o V
E x p e r im e n ta lly , f o r  a re s o lu t io n  R to be achieved (where R is  d e fin e d  
as th e  r a t i o  o f  a mass number, M , to  the f u l l  w id th  a t h a l f  maximum 
pealc h e ig h t o f a d e tec ted  peak , AM, a t  th a t  mass number; ie  R — M/AM)
 ^ 3 .5  R  ^ o s c i l la t io n s  must be e xp erien ce d  by the ions  (M ath ieson and 
H a rr is  C 196 9 )), Thus from  ( 2 .3 ,8 )
V (? , ( 2 .3 .9 )
3.5R «
o r , expressed in  terms o f th e  io n  energy
2 d d m
' " i -  -  Ü .3 .1 0 )
T y p ic a l ly ,  the ion  energy must be le s s  than a few  tens o f e le c tro n  v o lt s .
E quation  (2 ,3 .1 0 )  s e ts  the  upper l i m i t  to  the io n  energy f o r  a re q u ire d  
re s o lu t io n . But i f  the io n  energy is  below  th is  l i m i t  the in s tru m en t 
o p e ra tio n  is  independent o f  in c id e n t  io n  energy. Assuming L -  15 cm,
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f  -  2 MHz and the io n  energy o f  the p re v io u s ly  quoted exam ple, ie  eV^ -  30 c V , 
eq u atio n  (2 ,3 .1 0 )  y ie ld s  a re s o lu t io n  o f  v  40 ( s u f f i c ie n t  to  re s o lv e  one 
mass u n it  a t mass number 4 0 ) ,
The c o l l is io n le s s  n a tu re  o f  the low  p ressure  sheath  has s e v e ra l 
im p o rta n t consequences. F i r s t ,  s in ce  no energy is  lo s t  in  c o ll is io n s  w ith  
n e u tra l  m o le cu les , the  ions ga in  the f u l l  sheath  energy eV^  ^ in  crossing  
the sh eath . Second, the  spread in  ion en erg ies  w i l l  be sm all (y  the io n  
therm al e n e rg y , kT^) s in ce  o n ly  those few  ions in v o lv e d  in  c o l l is io n s  
w ith  n e u t r a l  m olecules in  the sheath  w i l l  no t have energy eV^. And f i n a l l y ,  
no io n -m o lecu le  re a c tio n s  w i l l  occur in  the sheath when the io n  mean fre e  
p a th  is  g re a te r  than the sheath  th ic k n e s s , and so no m o d if ic a t io n  o f the 
io n  m ass-spectrum  w i l l  r e s u l t .
In  g e n e ra l, l i t e r a t u r e  re p o rts  o f  io n  sampling r e f e r  to  cases where 
the sheath  is  n o t c o l l is io n le s s ,  H o ifever, low pressure  r e s u lts  have been 
p u b lish ed  by Seguin e t  a l  (1 9 7 2 ) , The sampling o r i f i c e  was lo c a te d  in  a 
m e t a l l ic  probe (see s e c tio n  2 ,4 ,1 )  a llo w in g  c o n tro l o f  the sheath  
p o t e n t ia l ,  and ions were sampled a t  pressures o f  0 ,0 2  t o r r  (where
the sh eath  is  c o l l is io n le s s ,  > d ^ ) ,  0 ,2 1  t o r r  and 0 ,4 2  t o r r  (where 
c o ll is io n s  occur in  the s h e a th , < d ^ ). F ig u re  2 ,3 ,1  shows re s u lts  
o b ta in ed  in  m easuring the  energy o f  e f fu s in g  ions (by a p p ly in g  a 
r e ta r d in g  f i e l d  betifeen o r i f i c e  and mass spectro m eter) as a fu n c tio n  o f 
sheath v o lta g e . The slope o f  the l in e  a p p ro p ria te  to  0 ,0 2  t o r r  is
- 1  . . . 4-0 ,9 6  eV V , in d ic a t in g 't h a t  N ions sampled from  a d ischarge a t  th is  
low  pressure  have a m ost p robab le  energy o f 0 .9 6  (where is  the  
p o te n t ia l  d if fe re n c e  across the  s h e a th , ie  the d if fe re n c e  between the  
plasma p o t e n t ia l  and th e  p o t e n t ia l  a p p lie d  to  the m ie ta ll ic  sam pling o r i f i c e ) .
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The most p robab le  energy o f N ions sampled from h ig h e r  p ressures  is  
0 ,9 0  Vg a t  0 ,2 1  t o r r  and 0 ,8 3  a t 0 ,4 2  t o r r  the energy b e in g  lo s t  in
c o ll is io n s  in  the sh eath .
r(2>
s o t  (I  ) O.OZgTORR  
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F ig u re  2 .3 ,1  Most p ro b ab le  io n  energy (E ) versus sheath  p o t e n t ia l  
d if fe re n c e  (V^) f o r  ions (Seguin e t  a l  ( 1 9 7 2 ) ) ,
The ion  energy d is t r ib u t io n  was a lso  measured by Seguin e t  a l  using  
th e  same ion  r e ta rd in g  tech n iq u e . Only ions w ith  energy s u f f i c ie n t  to  
oyerccme the re ta rd in g  v o lta g e  are d e te c te d  by the  mass sp e c tro m e te r. 
Since the number o f ions o f energy between E and E ^ dE is  g iven by 
dN =  f (E )  dE, where f (E )  is  th e  io n  energy d is t r ib u t io n ,  and s ince  the  
io n  energy is  p ro p o r t io n a l to  i t s  re ta rd in g  v o lta g e , the d is t r ib u t io n  
is  o b ta in ed  from  f (E )  «= dh/dV, Thus by d i f f e r e n t ia t in g  th e  curve o f  
number o f  ions sampled p e r second versus the a p p lie d  re ta r d in g  v o lta g e ,  
f (E )  is  o b ta in e d . The io n  energy d is t r ib u t io n  o f io n s  o b ta in e d  by 
Seguin e t  a l  is  shorn in  f ig u re  2 ,3 ,2 ,  The narrot^rer spread a t  low  
pressure  in d ic a te s  few c o l l is io n s  in  the sheath  and thus most ions have 
an energy c lose to  eV ,
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F ig u re  2 ,3 .2  Io n  energy d is t r ib u t io n s  a t th re e  p res su res . The sheath  
p o t e n t ia l  d if fe re n c e  is  40 V in  each case (Seguin e t  a l  (1 9 7 2 ) ) ,
2 .3 ,2  The W a ll Sheath a t  H igh P ressure
The reg io n  of p ressu re  above 0 ,1  t o r r  is  o f g r e a te r  p r a c t ic a l  
im portance than the low  p ressu re  d ischarge s ince io n o s p h e ric  re a c tio n s  
can be s im u la te d  in  la b o ra to ry  d ischarges in  th is  p ressure  reg im e.
However io n  sam pling is  co m p lica ted  by c o l l is io n s  o c c u rrin g  in  the sheath  
p r io r  to ion  e x tr a c t io n  from  the d is c h a rg e . The h ig h  p ressure  sheath  
is  formed by p re c is e ly  the  same p h y s ic a l process as the  low p ressure  
sh eath , th a t  is  the  req u irem en t f o r  e q u a l e le c tro n  and p o s it iv e  ion  
c u rre n ts  to  th e  w a l l .  Thus the  sheath  p o t e n t ia l  is  g iven  by e q u atio n  
C 2 ,3 ,2 ) as b e fo re . However energy a cq u ire d  by ions  from  th e  sheath  f i e l d  
w i l l  be lo s t  in  c o l l is io n s  w ith  n e u t r a l  m olecules in  the s h e a th , w ith  the  
p o s s ib le  occurrence o f io n  m o lecu le  re a c t io n s , and ve ry  few  ions w i l l  
e ffu s e  from  the d ischarge w ith  energy eV , B efore e s t im a tin g  the sheath  
th ick n es s  and io n  energy gained  in  cro ss in g  th e  sh eath , i t  is  necessary  
to  consider some io n  m o b i l i t y  th e o ry .
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In  a re g io n  o f  low e le c t r i c  f i e l d ,  the io n  d r i f t  v e lo c i ty  in  the  
f i e l d ,  is  much less than the mean therm al v e lo c ity  o f  gas m olecules
and io n s , c . I f  the io n  mean fre e  p a th  la  then  t  « %^/c is  the mean 
time between c o l l is io n s .  In  th is  tim e the io n  moves under the a c c e le ra t io n  
due to  the a p p lie d  e le c t r i c  f i e l d ,  a =  eE/m ^, and tra v e ls  an e x t r a  d is ta n c e , 
s , in  the f i e l d  d ir e c t io n ,  where
ia  T^, ( 2 .3 ,1 1 )2m
Hence, the d r i f t  v e lo c i ty  is
C 2 .3 .1 2 )
D e fin in g  the m o b il i ty  as d r i f t  v e lo c i t y  p e r  u n it  f i e l d ,  the p o s it iv e  io n  
m o b il i ty  is
(2 -3 -1 3 )
A more s o p h is t ic a te d  th e o ry  due to  Langeyin Csee Loeb (1961) c h . l )  
takes the  v e lo c i t y  d is t r ib u t io n  o f ions and gas m olecu les  in t o  account 
and p o s s ib le  d if fe re n c e s  in  masses o f ions and gas m o le c u le s . I t  y ie ld s
_ __ m , + m^ ^ __e^  ^ (2 . 3. 14)
where m is  the mass o f  a gas m o lecu le , g
As p re v io u s ly  sho’c-m f o r  the  low p ressure  s h e a th , the e le c t r i c  f i e l d
is  r e la t iv e ly  h ig h  in  the s h e a th , and th is  w i l l  be shown to  be tru e  a t
h ig h  p re s s u re . Thus the low f i e l d  m o b il i ty  theory  above does n o t apply
to  ions in  the w a l l  sheath  f i e l d .  At low f ie ld s  v ,  is  much less  than cd-h
and the  mean tim e beft^een c o ll is io n s  is  determ ined by gas k in e t ic  processes  
o n ly . Thus b o th  t and are independent o f  the a p p lie d  f i e l d ,  E . But
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when the f i e l d  is  in c re a s e d  to  va lues t y p ic a l  o f the sheath  ( ie  a few 
hundred v o lts  p e r  cm) ions are more r a p id ly  a c c e le ra te d  between c o l l is io n s ,  
and t r a v e l  a mean fre e  p a th  in  s h o rte r  t im e . The r e s u lt  is  a mean time 
between c o ll is io n s  and m o b il i ty  w h ich  depend on the e le c t r i c  f i e l d  
s tre n g th . For th is  s i tu a t io n  v^^ c , and an approxim ate tre a tm e n t has 
been considered  by von E ngel (1965 , p l l 8 )  , T liis  th e o ry  assumes th a t  on 
average a constant f r a c t io n ,  ic, o f the io n  mean energy is  lo s t  in  each  
c o l l is io n  w ith  a gas m o lecu le . Th is  lo s t  energy is  then re s to re d  by 
a c c e le ra t io n  in  the  e l e c t r i c  f i e l d  betz-feen c o l l is io n s .  Thus in  e q u il ib r iu m ,
Hence,
eE T.
2eE V
(2 .3 .1 5 )
(2 .3 ,1 6 )
d+
B u t, s in ce  x ^  V c ,  e q u a tio n  (2 ,3 ,1 6 )  becomes, on s u b s t itu t io n  f o r  c ,
1
T == K2eEvd+.
7 3
( 2 .3 .1 7 )
S u b s t itu t io n  f o r  x ,  from  e q u a tio n  ( 2 , 3 . 1 2 ) ,  and s o lv in g  f o r  v^^ y ie ld s
eE_^
m. (2 .3 .1 8 )
Thus, the d r i f t  v e lo c i ty  is  dependent on the  square ro o t o f the e le c t r i c  
f i e l d  when the mean tim e betwreen c o l l is io n s  is  dependent on the f i e l d .  
The n a tu re  o f  the dependence o f  the mean tim e between c o l l is io n s  can be
found from  equations (2 ,3 .1 2 )  and ( 2 .3 ,1 8 )  g iv in g .
Amis 
i E lK (2 .3 .1 9 )
re v e a lin g  th a t  the mean tim e between c o l l is io n s  is  in v e rs e ly  p ro p o r t io n a l  
to  the square ro o t  o f the e l e c t r i c  f i e l d  in  the h ig h  f i e l d  case.
A t a co n stan t tem p e ra tu re , f o r  a p a r t ic u la r  io n  spec ies  moving through
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a species o f n e u t r a l  gas m o lec u le s , using a sim ple h a rd  sphere model 
(Loeb (1961) p 4 1 ) ,
wire re N is  the  n e u t r a l  gas number d e n s ity  and a is  the c o l l is io n  c ro ss -
s e c tio n , Thus, eq u atio n  (2 ,3 ,1 8 )  becomes
1 i
(y2 % )  ' ( 2 .3 .2 1 )
V .„  -  U , '  (  •) . ( 2 .3 .2 2 )
o r
"'da.
I
where (. — ) is  a constan t f o r  a p a r t ic u la r  io n  in  a g iven
n e u t r a l  gas. Hence, th e  d r i f t  v e lo c i t y  o f  ions in  a c o l l is io n  dominated  
w a ll sheath is  dependent on the E/N. in  the sheath  and the  io n  mass.
An express ion  f o r  th e  th ickn ess  o f  the h ig h  p res su re  sheath  has been  
found by F e t te  and Hesse (1 9 7 0 ) , In  t h e i r  d e r iv a t io n  these  authors  
assume an exp ress ion  f o r  the io n  d r i f t  v e lo c i t y  s im i la r  to  th a t  o f
eq u atio n  ( 2 ,3 ,2 1 ) .  They use1
EeA
2 (2 ,3 ,2 3 )
w h ich  d i f f e r s  from  (2 ,3 ,2 1 )  o n ly  by a n u m eric a l c o n s ta n t. The f r a c t io n  
of energy  lo s t  per c o l l is io n ,  k , depends on the n a tu re  o f the c o l l id in g  
ion  and n e u t r a l  gas m o le c u le , b u t accord ing  to  von E n g el (1 9 6 5 , p l l 8 )  i t  
is  t y p ic a l ly  Thus exp ress io n  (2 ,3 ,2 3 )  g ives a v a lu e  o f  the io n
d r i f t  v e lo c i ty  w hich is  'v tw ic e  th a t o b ta in ed  using  ( 2 , 3 , 2 1 ) ,  Th is  is  n o t  
a s e rio u s  d iscrepancy as i t  is  n o t p o s s ib le  to  d e riv e  an e x a c t va lu e  fo r  
d  ^ in  the h ig h  p ressu re  sh ea th . In  o rd e r  to  a r r iv e  a t th e  same re s u lt  
as F e t te  and Hesse, i t  is  p re fe ra b le  to use e q u atio n  ( 2 ,3 ,2 3 ) ,
The d e r iv a t io n  beg ins w ith  P o is s o n s^ eq u atio n
S  “  “  " e )  ' ( 2 .3 .2 4 )o
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and th e  re q u irem e n t o f constan t p o s it iv e  io n  c u rre n t flo w in g  r a d ia l l y  to  
the w a lls  ,
— i.j.Co) -= l^C d) (2 ,3 ,2 5 )
where x  =  0 re p res en ts  the  sh ea th  edge C V= Vg) and x  ■= d  ^ re p re s e n ts  the  
w a ll  CV — 0 ) ,  Wlien the sheath  th ickn ess  is  ' much less  than the d ischarge  
tube rad iu s  the problem  can be tre a te d  in  one dimension as expressed in
equations ( 2 ,3 ,2 4 )  and ( 2 ,3 ,2 5 ) ,  From ( 2 .3 ,2 3 ) ,
I^ ( x )  -  e n_^(x) eE(x)A2m. (2 .3 ,26)
thus , from  (2 ,3 ,2 6 )  and (2 ,3 ,2 5 )  where E — E and n =  n a t  the sheath
edge (x  — 0 ) ,
^  n^jEp7E(x)j"'^ (2 .3 ,27)
The th e o ry  o f  F e t te  and Hesse assumes the e x is te n c e  of a p re -s h e a th
reg io n  s e p a ra tin g  the sheath  from  th e  b u lk  plasm a. However the values o f
n^ and E^ may be taken as those o f the  p o s it iv e  io n  d e n s ity  and r a d ia l
e l e c t r i c  f i e l d  in  the  b u lk  plasm a w ith o u t serio u s  e r r o r ,  thus n e g le c tin g
the m o d if ic a t io n  o f  these param eters by the  p re -s h e a th  re g io n .
In  the sheath  th e  d e n s ity  o f p o s it iv e  ions is  much g re a te r  than the
e le c tro n  d e n s ity  (n^ >> n ^ ) .  Th is  fo llo w s  s ince  the d e n s ity  o f  e le c tro n s
w ith  s u f f ic ie n t  energy to  cross th e  sheath  is  reduced from th e  b u lk  plasma
2 2va lu e  by a f a c to r  exp(-eV ^7kT^) w hich is  t y p ic a l ly  10 to  5 x  10 ,
Hence from  e q u a tio n  (2 ,3 ,2 4 )  and ( 2 , 3 , 2 7 ) ,  Poisson^s e q u a tio n  becomes,
|EdE
(2 ,3 ,28)
In te g r a t in g  to o b ta in  the s p a t ia l  v a r ia t io n  o f  e l e c t r i c  f i e l d  in  the 
sheath  g ives ,
E (x )
273
(2 .3 ,29)
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Using the boundary co n d itio n s  V (x=d^) — 0 and V (x  — 0) — fu r th e r
in te g r a t io n  g ives the s p a t ia l  v a r ia t io n  o f p o te n t ia l  in  the s h e a th ,
2e 
-  V -, CE
5/2
Cx) 5e n^ Cx) (2.3.30)
E quation  (2 .3 ,2 9 )  shows t h a t  the maximum e l e c t r i c  f i e l d  in  the sheath  
occurs when x  is  a maximum, ie  x  — d^. D enoting  th is  v a lu e  o f f i e l d  by 
^max s e t t in g  th e  re fe re n c e  o f p o t e n t ia l  V — 0 a t  the w a ll  (x  -= d^) we
o b ta in  from eq u atio n  (2 ,3 ,3 0 )
max
5e Vj
L. 2 =0 Bo
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(2,3,31)
F e t te  and Hesse (19 70) approxim ate the f i e l d  a t the sheath  edge
Eo b y ,
(2,3,32)
where — k  T^7e , the e le c tro n  tem perature  expressed in  v o l t s ,  and c is  
a c o n stan t w hich has the  v a lu e  j/2 fo r  an h ig h ly  n o n -is o  th erm al plasma  
(T »  T j )  and the v a lu e  2 ,3 2  f o r  an is o th e rm a l plasm a (T — T ) , 
ie  72  c -< 2 ,3 2 , Thus e q u a tio n  (2 ,3 ,3 2 )  is  an e m p ir ic a l r e la t io n ,  
assuming th a t  e le c tro n s  o f mean energy eV^ a re  ab le to  p e n e tra te  a d is ta n c e  
in t o  a reg io n  o f  re ta r d in g  f i e l d  E^ -  c o n s is te n t w ith  the concept o f 
Debye le n g th .
Combining equations  ( 2 , 3 . 3 2 ) ,  ( 2 ,3 ,3 1 )  and using  ( 2 ,3 ,7 )  fo r  the 
Debye le n g th , w ith  n — n and kT 7e =  V , we g e to e " "" a
5V
E -  F max o a (2,3,33)
N o tin g  th a t  c > 1 and fo r  a non «^isothermal plasma Yjr > Y (fro m
eq u atio n  ( 2 , 3 . 2 ) ) ,  thus
E Emax o
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(2.3,34)
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From the form  o f eq u a tio n  ( 2 ,3 ,2 9 )  i t  can be seen th a t
corresponds to  the f i e ld  a t  the  maximum v a lu e  o f x ,  ie  x  =  d .
M aking the approxim ation  th a t  th e  t r a n s it io n  from sheath  to  plasm a
occurs w ith  a n e g l ig ib le  p re -s h e a th  re g io n , the p o s it iv e  io n  d e n s ity ,
e le c t r i c  f i e l d  and Debye le n g th  im m ed ia te ly  o u ts id e  the sheath  are  n ,
E^ and r e s p e c t iv e ly .  Assuming E ^ ^  »  E ^ , equations (2 ,3 .2 9 )  ,
( 2 ,3 ,3 2 )  , ( 2 ,3 ,3 4 )  and ( 2 ,3 ,7 )  combine to  y ie ld
V 2 1 /5^  (2.3.35)
C o n s id erin g  a ty p ic a l  h ig h  p ressu re  (p v few to r r )  plasm a where
kT -  eV 2eV , T_ = T = 400°K , n^ =  n_^  = 10^° cm"^, and c = 2 ,e e ' T ^  ' ' e . - a *
equations ( 2 , 3 , 2 ) ,  ( 2 ,3 ,7 )  and (2 .3 .3 5 )  g iv e ,
Y f  = 14 Y 
-2Ajj -  10 cm
d -  4 X 10 2 cm s
and Eg = 350 V cm"^.
Thus the sh ea th  is  on ly  a fe w  Debye leng ths  t h ic k  and th e  average  
f i e ld  is  g re a te r  than the lo n g itu d in a l  e l e c t r i c  f i e l d  in  the h ig h  p ressu re  
d ischarge (~  100 V cm ^ ) , A ls o , from  equations ( 2 ,3 ,3 2 )  and ( 2 , 3 .3 4 ) ,  
the maximum e l e c t r i c  f i e l d  can be c a lc u la te d  as
“  6°° V
As in  the case o f the  low  p re ssu re  s h e a th , i t  is  a lso p o s s ib le  to  
e s tim a te  the average energy o f an ion  e f fu s in g  from  th e  p lasm a, h av in g  
crossed the c o ll is io n -d o m in a te d  s h e a th . Using e q u a tio n  (2 ,3 ,2 2 )  fo r  
the d r i f t  v e lo c i t y  in  the h ig h  f i e l d  o f th e  sheath  gives
a
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where the average sh eath  e le c t r i c  f i e l d  E ~ V^yd^, N o tin g  th a t  >
eq u atio n  ( 2 ,3 .3 6 )  shows th a t  th e  io n  energy w i l l  be independent o f  th e
ion  mass when the io n  crosses th e  sh ea th  and e n te rs  the sam pling o r i f i c e .
However the ion energy w i l l  be in v e rs e ly  p ro p o r t io n a l to the c o l l is io n  
c ro s s -s e c tio n  o. C onsequently , ions w ith  l i t t l e  p r o b a b i l i t y  o f  c o l l is io n  
(s m a ll c ro s s -s e c tio n  and long  mean fre e  p a th ) ga in  g re a te r  ènergy from  
the  sheath  f i e l d  than those w ith  h ig h  c o l l is io n  p r o b a b i l i t y ,  and thus have 
g re a te r  energy on le a v in g  th e  plasm a,
Wren ions move amongst t h e i r  own n e u tra l  species resonant charge 
t r a irs fe r  occurs w h ich  in c re ase s  the c o l l is io n  cross—s e c tio n  (H asted (1972) , 
ch 12). Hence io n s  in  t h e i r  own n e u t r a l  gas w i l l  have low  e n erg ies  on 
e f fu s in g  from  the plasm a.
Sim ultaneous io n  mass and energy a n a lys is  has been perform ed by 
Knewstubb and T ic k n e r (1 9 6 2 (b ))  and Seguin e t  a l (1 9 7 2 ) , Both groups 
found th a t  th e  energy a t ta in e d  by ions in  cro ss in g  the  sheath  depends on 
the ion  s p e c ie s . This has been a t t r ib u t e d  to  ion  m o b i l i t y  d iffe re n c e s  
w here , as th e  p reced in g  d iscu ss io n  has shown, the c o l l is io n  c ro s s -s e c tio n  
determ ines the  io n  e n e rg y ,
Knewstubb and T ic k n e r (1 9 6 2 (b ))  used a m agnetic  s e c to r  mass 
sp ec tro m e te r and e le c t r o s t a t ic  d e f le c t io n  energy a n a ly s is  to  show th a t  
l ig h t e r  io n s  a c q u ire d  g re a te r  energy from  the sheath  than  heavy io n s .
For exam ple, when sam pling from  a 3 ;1 -  K r;A r m ix tu re  a t  1 t o r r  they f in d  
HgO^ (mass 1 9 ) ,  w hich is  p re s e n t due to re s id u a l w a te r v a p o u r, has ^2  eV 
more energy than Ar (mass 40) on e f fu s in g  through the  s h e a th . A ls o , samplxug 
from  a k ry p to n  d ischarge a t  a s im i la r  p re s s u re , they found the h e a v ie r
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K r 2 *^  io n  to  have, g re a te r  energy than the atom ic Kx io n . This is  due to 
the atom ic io n  s u f fe r in g  resonant charge t r a n s fe r  c o ll is io n s  in  the n e u t r a l  
gas.
In  the p re ced in g  s e c tio n  ( 2 ,3 .1 )  the experim ents o f Seguin e t  a l (1972)
i l l u s t r a t e d  the e f f e c t  o f the c o l l is io n le s s  sheath  on io n  energy , showing
th a t ions in  a low p ressure  (0 ,0 2  t o r r )  d ischarge in  n itro g e n  leave the
plasma w ith  a p p ro x im ate ly  the f u l l  sh eath  en erg y . These same experim ents
show th a t  a t  h ig h e r  p ressure  (0 ,4 2  t o r r )  the slope o f the mean io n  energy
-1versus sheath  v o lta g e  is  0 ,8 3  eV V in d ic a t in g  a loss  o f 17% o f the sheath  
energy in  c o ll is io n s  (see f ig u r e  2 , 3 , 1 ) ,  A ls o , f ig u re  2 .3 ,2  shows the  
g re a te r  spread in  ion en e rg ie s  found by Seguin e t  a l  (19 72 ) a t th e  h ig h e r  
p re s s u re . Th is  a r is e s  from  the g re a te r  v a r ia t io n  in  io n  en erg ies  r e s u lt in g  
from c o l l is io n s ,
A s erio u s  consequence o f th e  h ig h  sheath e le c t r ic  f i e l d  is  th a t  
en d o erg ic  io n -m o le c u le  re a c tio n s  may become p o s s ib le . Evidence fo r  such 
re a c tio n s  in  n itro g e n  has been found by Bolme and Goodings (1966) . At h ig h  
a c c e le ra t in g  v o lta g e  50v between plasm a and w a l l ,  most o f  which  
appears across th e  sheath ) they observed the d is s o c ia t iv e  charge t r a n s fe r  
re a c t io n ,
( f a s t )  ^  ^ N +
d*Seguin e t  a l  (1972) have measured the energy d is t r ib u t io n  o f N ions  
produced in  a n itro g e n  d ischarge s im i la r  to th a t  o f  Bohme and Goodings.
Th is  showed a long low -energy t a i l  in d ic a t in g  th a t  much o f  the  was 
produced in  the sheath  and hence d id  n o t undergo a p p re c ia b le  a c c e le ra t io n  
in  the sheath  f i e l d ,  Th is  supports th e  th e o ry  th a t  d is s o c ia t iv e  charge
tr a n s fe r  in  the sheath  produces N in  the above re a c t io n  as most o f the  
sheath  energy acq u ired  by the io n  is  lo s t  in  the in e la s t ic  d is s o c ia t in g  
c o l l is io n  w ith  Ng,
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Knewstubb and T id c n e r (1 9 6 3 ) ,  s tu d y in g  a glow d ischarge in  w a te r  v ap o u r,
have observed the ions in  the (h ^ 0 ) s e r ie s  (n ^  0 , 1 ...........5 ) .
These authors suggested th a t  the  h ig h  sheath  f ie ld s  can le ad  to  c o lX is io n a l  
d is s o c ia t io n  o f one, or even tw o, o f th e  w a te r m olecu les from  the c lu s te r  
io n ,  thus b ia s s in g  th e  mass spectrum  in  fav o u r o f the l ig h t e r  (s m a lle r  n 
v a lu e ) io n s ,
C le a r ly  the use o f h ig h  sh eath  f ie ld s  is  to  be avoided w herever p o s s ib le ,  
Wien b iassed  m e t a l l ic  p in h o le s  a re  used f o r  p o s it iv e  io n  sam pling the  
n e g a tiv e  b ia s  should  be sm all and i f  s ig n a l magnitudes p e rm it ,  the p in h o le  
should be a llow ed  to f lo a t  a t  w a ll  p o te n t ia l  (see s e c tio n  2 . 4 ) .
The in f lu e n c e  o f th e  w a ll  s h e a th , w hich e x is ts  a t the p la s m a -w a ll 
boundary, on p o s it iv e  ion  c u rren ts  sampled through an o r i f i c e  in  the  
discharge w a l l  has been considered  in  th is  s e c tio n . Th is  sheath  may 
e i t h e r  be c o l l is io n le s s  > dg) o r  c o l l is io n s  between ions and n e u t r a l  
m olecules may occur (Aj. < d^) , In  e i t h e r  case th e  p o te n t ia l  o f th e  w a ll  
w ith  re s p e c t to  the plasm a ( th e  sheath  p o t e n t ia l )  is  g iven  by e q u a tio n  
( 2 ,3 ,2 )  b u t the energy gained  by p o s it iv e  ions in  cross ing  the  sheath  
w i l l  depend on w hether c o l l is io n s  occur, Tlius ions crossing  a c o l l is io n le s s  
sheath  gain  approasimately th e  f u l l  sheath  e n e rg y , w h ile  ions undergoing  
c o ll is io n s  w i l l  gain  less than  the  f u l l  sheath  energy.
C a lc u la tio n s  based on eq u atio n s  fo r  sheath v o lta g e  (e q u a tio n  ( 2 . 3 . 2 ) )  
and sheath  th ickness (e q u a tio n  (2 ,3 ,3 5 )  f o r  the c o l l is io n le s s  c a s e , and 
eq u a tio n  ( 2 ,3 .5 )  when c o l l is io n s  occur in  the sheath) show th a t the 
average e le c t r i c  f i e l d  in  the sheath  is  g re a te r  when the sheath is  
c o l l is io n  dom inated. However the sheath  f i e l d  is  c o n s id e ra b ly  g re a te r  than  
the lo n g itu d in a l e l e c t r i c  f i e l d  o f  the d is c h a rg e , in  b o th  the c o l l is io n -  
fre e  and col l i s  io n -d o m in a te d  cases, T liis  h ig h  f i e l d  re g io n  which the  
ions m ust cross b e fo re  m a s s -s p e c tro m e tric  a n a ly s is  can be perform ed can
83
in flu e n c e  die io n  e ffu s io n  cu rren ts  in  two ways. F i r s t ,  endoerg ic  ion™ 
m olecule re a c tio n s  may occur in  the  h ig h —sheath  f i e l d  p roducing  ions  
whiclr are n o t ty p ic a l  o f the lo w er e l e c t r i c  f i e ld  o f  the b u lk  d isch arg e . 
Such re a c tio n s  in c lu d e  c o l l is io n a l  b re ale—up o f  c lu s te r  s p e c ie s . Second, 
ra p id  a c c e le ra t io n  o f ions can r e s u lt  in  h ig h  io n  v e lo c i t ie s  through the 
a n a ly s in g  re g io n  o f  the mass s p e c tro m e te r. In  the case o f a quadrupole  
mass sp ec tro m e te r the re s o lu t io n  w i l l  be l im ite d  accord ing  to  eq u atio n  
( 2 ,3 .1 0 ) .
2 ,4  INFLUENCE OF SAMPLING ORIFICE ON ION CURRENTS
2 ,4 ,1  M e t a l l ic  sam pling o r i f ic e s
In  the p rev io u s  s e c tio n  the e f fe c ts  o f the p o s it iv e  io n  w a ll  sheath
on io n  c u rren ts  were d iscussed. The p o t e n t ia l  d if fe re n c e  betsveen the
sheath  edge and the d ischarge w a l l  is  determ ined by the  p r e v a i l in g
c o n d itio n s  in  the plasm a ( i e  the gas and e le c tro n  tem peratures and io n
species a p p ro p ria te  to  e q u a tio n  ( 2 , 3 , 2 ) ) ,  Th is  is  the f lo a t in g  p o t e n t ia l
o f the system . A l t e r n a t iv e ly ,  when a m e t a l l ic  sam pling probe is  used,
d ir e c t  b ia s s in g  may be em ployed, a llo w in g  c o n tro l o f  the sheath  p o t e n t ia l
d if fe re n c e . Be s u its  o f  the p rev io u s  s e c tio n  apply whe tire r  the sam pling
o r i f ic e  f lo a ts  o r is  d i r e c t ly  b ia s s e d  as long as the  p o s it iv e  io n  sheath
is  m a in ta in e d  (and Yc is  re p la c e d  by Y f o r  a b ia s s e d  m e t a l l ic  o r i f i c e ) , ^ P
A d d it io n a l e f fe c ts  in tro d u c e d  by using  a m e t a l l ic  sam pling probe are  
now considered .
Sm all b ias se d  sam pling o r i f ic e s  behave s im i la r ly  to  Langm uir probes 
when used fo r  io n  o r  e le c tro n  c o l le c t io n .  The use o f  such sam pling  
probes allow s g re a te r  c o n tro l o f  th e  sh ea th  around the sam pling p o in t  
and the  p o t e n t ia l  a t  w h ich  th e  ions lea v e  the d ischarge than can be 
achieved using  d ie le c t r ic  o r i f ic e s .  A t y p ic a l  p o s it iv e  io n  probe
84
c h a r a c te r is t ic  o b ta in ed  by L in d in g e r (reproduced from  the rev iew  o f  
Hasted (1 9 7 4 )) is  shown in  f ig u re  2 , 4 .1 .  The probe v o lta g e  is  r e fe r r e d  
to the plasma p o t e n t ia l  o f  the d ischarge in  th is  exp erim en t and is  
tire f lo a t in g  p o t e n t ia l  o f the  w a l l  w ith  respect to  the  plasm a. There are 
a number o f fe a tu re s  appearing  in  th is  f ig u re  w hich w i l l  be d iscussed .
I+(10'"A )
2 0  10 0  -10 -2 0  -3 0
F ig u re  2 .4 .1  M e t a l l ic  io n -s  am pling probe c h a r a c te r is t ic  -  t o t a l  p o s it iv e  
io n  e f fu s io n  c u rre n t to  mass sp ectro m eter as a fu n c tio n  of probe 
p o t e n t ia l  measured w ith  res p ec t to  plasm a p o t e n t ia l  in  an argon 
d is c h a rg e , p =  0 .2  t o r r ,  2 mA c u rre n t (fro m  H asted  (1 9 7 4 ) ) .
F i r s t ,  a t h ig h  n e g a tiv e  v o lta g e s  (|V| > jV^i) sim ple Langm uir probe 
theory  p re d ic ts  s a tu ra t io n  o f the p o s it iv e  io n  probe c u rre n t. This is  n o t 
observed in  f ig u r e  2 ,4 ,1 ,  A s im i la r  e f f e c t  has been observed by Bohme and 
Goodings (1 9 6 6 ) ,  who f a i l e d  to  ach ieve p o s it iv e  io n  s a tu ra t io n  at v o lta g es  
up to BOV n e g a tiv e  w ith  re s p e c t to  the p o te n t ia l  a t w hich  p o s it iv e  io n  
c u rre n t is  f i r s t  d e te c te d . These authors a t t r ib u t e  th is  phenomenon to  an 
in c re a s e  in  the e f f e c t iv e  " c o l le c t io n  area" o f the probe and the  o r i f i c e .  
E quation  ( 2 ,3 ,5 )  fo r  the low p ressu re  sheath  and e q u a tio n  (2 ,3 ,3 5 )  fo r  th e  
h ig h  p re ss u re  sheath  show th a t  the th ickness o f  the sh ea th  in crease s  as 
the p o t e n t ia l  between probe and plasm a ( t h e  sheath  p o t e n t ia l )  i s  
in c re a s e d . F o r a p e r f e c t ly  p la n a r  she a th -p  1 as ma boundary , an in c re a s e  
in  sh ea th  th ickness re s u lts  on ly  in  an in c re a s e  in  sheath  volum e, b u t n o t  
in  th e  a rea  o f  the sheath  a t  the  bo im dary. However, in  p r a c t ic e ,  sm all
85
sam pling o r i f ic e  d iscs are used to  cause l i t t l e  d is tu rb an ce  to  the e le c t r ic  
f i e l d  in  the b u lk  plasm a. Hence the nearness o f tae  d is c  edge to  tne 
o r i f ic e  re s u lts  in  non—p la n a r  e q u ip o te n t ia l  surfaces  above the o r i f i c e  
due to  the in f lu e n c e  o f edge e f f e c t s .  M aking the d is c  more n e g a tiv e  
r e la t iv e  to  the plasm a in crease s  the a re a  o f  the sheath-p lasraa boundary 
and the e f f e c t iv e  " c o l le c t io n  area" o f th e  probe and o r i f i c e ,  w ith  a 
r e s u lt in g  in crease  in  p o s it iv e  io n  c u rre n t w ith  in c re a s in g  sheath  v o lta g e ,  
Mark and Helm (1974) p o in t  o u t th a t  s a tu ra t io n  may be o b ta in e d  when 
la rg e  d iam eter s a n p lin g  probes are used. In  th is  case the e f f e c t  o f the  
edge o f  the probe is  sm all and an alm ost p lan e  sheath  edge e x is t s ,  p a r a l l e l  
to  the  probe. As th e  sheath  t h i  dine ss is  in crease d  th e  " c o l le c t io n  area" 
is  s t i l l  approx im ate ly  e q u a l to  the probe a rea . Hence no in c re a s e  in  
c o lle c t io n  o f ions occurs a f t e r  s a tu ra t io n . However the use o f  la rg e  
m e t a l l ic  probes s e r io u s ly  d is to r ts  the e l e c t r i c  f i e l d  in  the b u lk  plasm a.
A t more p o s it iv e  p o te n t ia ls  than those corresponding  to  io n  s a tu r a t io n ,  
f ig u r e  2 ,4 ,1  shows t h a t  the io n  c u rre n t versus p o t e n t ia l  curve changes 
slope a t  and drops to  zero  a t V -== 0 , Ifhen the probe is  a t f lo a t in g  
p o te n t ia l  V^, a sheath  e x is ts  w h ich  is  s im i la r  to  th a t  e x is t in g  between  
the plasm a and a d ie le c t r ic  w a l l .  The p o te n t ia l  between probe and plasm a  
is  g iven  by eq u atio n  ( 2 ,3 ,2 )  and th e  p o s it iv e  io n  c u rre n t corresponds  
to  a space charge l im ite d  c u rre n t in  the p o s it iv e  io n  space charge sheath . 
This is  g iven by the  C h ild -Langm uir e q u a tio n  as
h : - f
V 3- a s
where d is  the sheath  th ic kn e ss  and A^ is  the o r i f i c e  a re a .
The c u rre n t o f  p o s it iv e  ions a t the  sheath  edge is  s im p ly  the random 
therm al c u rre n t o f ions g iven  by
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(2.4.2)
xdiere is  the  th erm al v e lo c i t y  o f  p o s it iv e  ions (v^_ — ySkT^Vrm^) , is
the d e n s ity  o f p o s it iv e  ions in  the b u lk  d ischarge and is  the c o l le c t io n
area" fo r  p o s it iv e  io n s . For a p lan e  sam pling probe and sheath  edge,
A ~ A , and the c u rre n t a r r iv in g  a t  the sheath  edge w i l l  be e q u a l to  o c '
th a t re a c h in g  the probe in  the steady s t a t e .  In  the absence o f  the sheath  
expansion p re v io u s ly  d iscussed , the v a lu e  o f  the p o s it iv e  io n  probe 
c u rre n t a t is  the s a tu ra t io n  p o s it iv e  io n  c u rre n t.
At p o te n t ia ls  more p o s it iv e  than the plasma p o t e n t ia l  tne e l e c t r i c  
f i e l d  in  the reg ion  o f  the  o r i f i c e  is  such th a t  the o r i f i c e  d is c  is  more 
p o s it iv e  than the b u lk  p lasm a. Thus p o s it iv e  ions are r e p e l le d  by the  
o r i f i c e  d is c  and no p o s it iv e  io n  c u rre n t is  observed. However, e le c tro n s  
are a c c e le ra te d  to  the o r i f ic e  probe under these c o n d it io n s , and a t h ig h  
p o s it iv e  vo ltag es  th e  e le c tro n  energy becomes s u f f ic ie n t ly  g re a t to  
enable  e le c tro n  im pact io n is a t io n  o f n e u t r a l  spec ies  to  take p la ce  a t  
die o r i f i c e .  Th is  is  the e x p la n a tio n  o f the in c re a s e  in  p o s it iv e  io n  
c u rre n t observed a t h ig h  p o s it iv e  sam pling probe p o te n t ia ls .  Th is  e f f e c t  
has been used to  e v a lu a te  the r e s u l t  o f  c o l l is io n s  in  the o r i f i c e  le a d in g  
to  io n -m o le c u le  re a c tio n s  (see s e c tio n  2 , 4 , 3 ) ,
2 .4 ,2  Io n  Lens E ffe c ts
Wlien a la rg e  d iam eter o r i f i c e  is  used (d ia m e te r  > A^) d is to r t io n  
o f the e l e c t r i c  f ie ld s  in  the o r i f i c e  v i c i n i t y  is  l i k e l y  to  occur. Th is  
phenomenon has been d iscussed by H asted  (1 9 7 4 ,1 9 7 5 ) who considers fo u r  
p o s s ib le  c o n fig u ra t io n s . These are  reproduced f o r  i l l u s t r a t i o n  in  
f ig u re  2 ,4 .2  w hich shows e q u ip o te n t ia l  l in e s  in  the o r i f i c e  re g io n .
Id e a l ly  th e  e q u ip o te n t ia ls  in  the sheath  are und is to r te d  ( f ig u r e  2 .4 .2 ( c ) )  
and io n  lens e f fe c ts  are m in im a l. T h is  on ly  occurs i f  the o r i f i c e  d iam eter
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is  less  than AT.. When the o r i f i c e  d iam eter d exceeds the sheatn  th ic c n c s s , 
d , the plasma p e n e tra te s  in to  the o r i f i c e  as shown in  f ig u re  2 .4 .2 ( d ) .  
Hence i t  is  norm al to  have d k d^.
E,
F ig u re  2 .4 .2  E q u ip o te n t ia l p lanes a t a m e t a l l ic  sam pling o r i f i c e ,
(a ) E^ < E^; (b ) E^ ë E^; (c ) E^ =  E^$ (d ) c o llap se  o f  sheath  when d > d^,
(fro m  Hasted (1 9 7 4 ) ) .
Sm ith  and Plumb (1973) have p o in te d  o u t th a t  the io n  c u rre n t d e n s it ie s  
in c id e n t  on the sh eath  boundary (e q u a tio n  ( 2 .2 .1 0 )  ) can on ly  be equated  
w ith  those reach in g  th e  sam pling o r i f i c e  when th ere  are  no e le c t r o s t a t ic  
lens  e f fe c ts  a l t e r in g  the e f f e c t iv e  area  o f  the o r i f i c e .
An example o f the io n  len s  e f f e c t  is  g iven  by S tu d n ia rz  and F ra n k lin  
(1968) who have used a m e t a l l ic  o r i f i c e  probe o f  'v 500pm d iam eter to  
sample methane d ischarges w ith  a Debye le n g th  ^ 500 pm. These authors  
have e s tim a te d  the p o t e n t ia l  a t the probe o r i f i c e  to  be "V 50V more 
p o s it iv e  than th a t  on the glass w a l l  in  the probe v i c i n i t y ,  T liis  was done 
by c a lc u la t in g  the p o t e n t ia l  o f  the glass w a ll  w ith  re s p e c t to  the plasma 
(e q u a tio n  ( 2 , 3 , 2 ) )  and m easuring the probe-p lasm a p o t e n t ia l .  S ince the
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plasma w i l l  be p o s it iv e  w ith  re s p e c t to  the w a ll   ^ the e q u ip o te n t ia ls  w i l l  
appear as in  f ig u r e  2 , 4 , 2 ( a ) .  Thus in  S tu d n ia rz  and F r a n k l in 's  experim ent 
ions were d e fle c te d  away from  the probe w h ile  e le c tro n s  were a c c e le ra te d  
towards it, r e s u lt in g  in  a r a t io  o f e le c tro n  to  p o s it iv e  io n  c u rre n t  
through the o r i f i c e  o f  1 0 0 :1 , E le c tro n  im pact io n iz a t io n  o f n e u t r a l  
p a r t ic le s  a t the probe was thus p o s s ib le , and the  mass spectrum  d is p la y e d  
la r g e r  pealcs due to d ir e c t  io n is a t io n  than was re p re s e n ta t iv e  o f the 
s ta b le  io n  species  in  the plasm a,
h asted  (1 9 7 4 , 1975) has examined the o p e ra tio n  o f  a b ias se d  o r i f i c e  
probe f o r  io n  e x tra c t io n  through a th in  o r i f i c e  in to  a re g io n  o f  e l e c t r i c  
f i e l d  w hich a c c e le ra te s  the  ions towards the  mass sp e c tro m ete r, The 
req u irem en t th a t  the o r i f i c e  should be th in  ( le n g th  o f  o r i f ic e  tube 
< o r i f i c e  ra d iu s ) is  necessary i f  the o r i f i c e  is  to  be t re a te d  as a 
s in g le  a p e r tu re , e le c t r o s t a t ic ,  io n  lens o f fo c a l le n g th  f ,  accord ing  to  
the fo rm u la  proposed by Davisson and C a lb ic k  (1 9 3 2 ) ,
T CE» -  E )
1 1 . ( 2 .4 .3 )f  41^
where E^ is  th e  f i e l d  on the e x i t  s id e  o f  the lens ( i e  E^ — E ^ ) , is
the f i e l d  a t  the en tran ce  to  the le n ^ ie  E — E the sheath  f i e l d )  andI s
V is  th e  o r i f i c e  p o t e n t ia l ,  r e fe r r e d  to  the plasma p o t e n t ia l  as z e ro . The 
c h a ra c te r is t ic s  of such an io n  lens  a re  g iven  in  f ig u r e  2 ,4 ,3  (ta k e n  
from  Hasted (1 9 7 4 ))  showing th a t  the io n  c u rre n t fo r  each a c c e le ra t in g  
f i e l d  beh ind  the  o r i f i c e  e x h ib its  a peak corresponding to  the optimum 
va lu e  o f  the fo c a l le n g th , g iven  by eq u atio n  ( 2 , 4 , 3 ) ,
According to  the h ig h  p ressu re  sh eath  th e o ry  o f E e tte  and Hesse, 
th e  sheath  f i e l d  n e a r th e  probe is  g iven  by eq u atio n  (2 ,3 ,3 4 )  as
E max
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td iere from  e q u a tio n  ( 2 , 3 . 3 2 ) ,
V
o c AD
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F ig u re  2 .4 .3  Focussing c h a r a c te r is t ic s  o f a b iassed  sam pling o r i f i c e
f o r  v a rio u s  a c c e le ra t in g  v o lta g e s  behind the o r i f i c e  (marked g a in s t  
each c u rv e ), is  th e  t o t a l  o r i f i c e  c u rre n t d e n s ity  (fro m  Hasted (1 9 7 4 ))
S u b s t itu t in g  E fo r  E_ , and E fo r  Eg in  eq u a tio n  ( 2 ,4 ,3 )  and 
denoting  the p o t e n t ia l  o f th e  o r i f i c e  w ith  re s p e c t to plasm a p o t e n t ia l  
a t w h ich  optimum fo c u ss in g  occurs as V =  V ^ (th e  optimum p o t e n t ia l  across 
the s h e a th ) , Hasted d e r iv e d .
V 2 /5
constant ( 2 ,4 ,4 )
The a c c e le ra t in g  f i e l d  b eh in d  the lens  is  given by
Va - ( 2 ,4 ,5 )
where V^  is  the a c c e le ra t in g  p o t e n t ia l  a p p lie d  to  the io n  c u rre n t and d^
is  the  d is tan ce  between th e  lens and the  a c c e le ra t in g  e le c tro d e .
The d a ta  o f  f ig u r e  2 .4 ,3  were o b ta in e d  w ith  d ~  5 cm, V — 1 e V ,a e '
^e ^  and c — 2 , H asted  has c a lc u la te d  th a t  th is  leads to  a fo c a l
le n g th  o f the io n  lens w hich  v a r ie s  by no more than 15% f o r  each o f the  
peaks in  io n  c u rre n t o f f ig u re  2 ,4 ,3 ,
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Tire io n  lens fo rm u la , e q u a tio n  ( 2 ,4 ,3 )  shows th a t  the lens is  only  
converging when > E  ^ , R e fe r r in g  to  f ig u re  2 ,4 .2 ,  th is  occurs in  case o , 
w h ile  fo r  case c no lens a c tio n  talces p la c e . Case a , th a t  o f S tudniar%  and 
F ra n k lin  (1 9 6 8 ) , corresponds to  a d iv e rg in g  lens f o r  p o s it iv e  io n s , which  
is  c o n s is te n t w ith  the h ig h  e le c tro n  c u rré n t through the o r i f ic e  observed  
by these au thors .
2 ,4 ,3  E ffe c ts  O c c u rrin g  In  The O r i f ic e  Tube
In  the p re c e d in g  s e c t io n , i t  was shown th a t in  norm al o p e ra tin g  
c o n d it io n s , in  o rd e r to  avo id  p e n e tra t io n  o f the plasm a in to  the o r i f i c e ,  
the o r i f ic e  d iam eter should  n o t exceed the sheath  th ickness (d  < d^) .
This requ irem ent l im its  the maximum a llo w a b le  o r i f i c e  a rea . However, as 
y e t ,  no l im i t a t io n  has been imposed on the o r i f i c e  tube len g th  used in  
sam pling.
The o r i f ic e  is  used to  sample the ions or n e u tr a l  p a r t ic le s  e f fu s in g
from  a d ischarge a t  a few t o r r  p ressure  in to  a low p ressure  chamber 
—3(p < 10 t o r r ) , Thus in  the v i c in i t y  o f  the o r i f i c e  th ere  is  a t r a n s i t io n  
zone where the d e n s ity  o f  n e u t r a l  gas p a r t ic le s  decays from  i t s  va lu e  
in  the d ischarge to  i t s  va lu e  in  the mass sp ectro m eter chaaher.
There is  sons p o s s ib i l i t y  o f  io n —m olecule  re a c tio n s  o c c u rrin g  in  the  
o r i f ic e  tube and im m ed ia te ly  beyond where the n e u tr a l  p a r t ic le  d e n s ity  
is  s t i l l  c o n s id e ra b le . There is  a ls o  the p o s s ib i l i t y  o f  e la s t ic  s c a t te r in g  
o f ions from  unre a c tiv e  n e u tr a l s p e c ie s . The consequences o f these  
c o l l is io n s !  e f fe c ts  are e x p la in e d  be low .
The p r o b a b i l i t y  P o f a p a r t ic le  Cion o r n e u t r a l  gas m o lecu le ) malcing 
a c o l l is io n  w h ile  moving a d is ta n c e  dx through a gas d e n s ity  N i s ,
P ^  N cr dx, ( 2 ,4 ,6 )
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where a is  the c ro s s -s e c tio n  fo r  the c o l l is io n  w h ich  may be e i t h e r  e la s t ic  
or in e la s t ic .  The occurrence o f  an io n —m olecule re a c t io n  is  a p a r t ic u la r ly  
im p o rtan t in e la s t ic  c o l l is io n .  S im i la r ly  i f  a beam o f p a r t ic le s  o f c u rre n t  
i  pass through a n e u t r a l  gas o f d e n s ity  N , the change in  the  c u rre n t due 
to  c o ll is io n s  in  the d is ta n c e  dx is  g iven  by (H asted  (19 72) p l l ) ,  
d i -  -  P i
— — N cr i  dx, (2 ,  4, 7)
where the c u rre n t is  reduced by c o l l is io n a l  s c a t te r in g  and re a c tio n s .
Thus the  beam o f p a r t ic le s  is  a tte n u a te d  accord ing  to
i  — ig  e x p ( -  Nox) , ( 2 , 4 . 8 ) ,
The a tte n u a tio n  o f a p o s it iv e  io n  beam by n e u tr a l  gas m olecules a f t e r  
e ffu s io n  from a d ischarge through a sam pling o r i f ic e  may be d escribed  
by e q u a tio n  ( 2 , 4 , 8 ) ,  In  th is  case , w h ile  s c a t te r in g  o f ions out o f the  
beam w i l l  r e s u lt  in  a t te n u a t io n , the occurrence o f  io n —m olecule re a c tio n s  
w i l l  r e s u lt  in  a change o f  r e la t iv e  species c o n c e n tra tio n s  in  the beam.
Thus, some species  may be s e v e re ly  a tte n u a te d  in  the beam w h ile  o thers  
in c re a s e  in  c o n c e n tra tio n  as they arc  c re a te d  in  the e f fu s in g  beam.
To account fo r  th e  e f f e c t  o f c o ll is io n s  in  and b e h in d  the o r i f i c e  
the n e u t r a l  gas d e n s ity  v a r ia t io n  in  th is  re g io n  must be known. The 
geometry is  i l l u s t r a t e d  in  f ig u re  2 ,4 ,4 ,  where X is  a p o in t  on the beam 
axis  Ci G on a l in e  drawn through the c e n tre  o f  the o r i f i c e ,  p e rp e n d ic u la r
to  the o r i f i c e  p la n e ) a t a d is ta n c e  x  from  the o r i f i c e .  Assuming an
id e a l  ze ro —le n g th  o r i f i c e  o f  rad iu s  R and an is o t r o p ic  v e lo c i ty  d is t r ib u t io n  
o f gas m olecules in  the d is c h a rg e , the d e n s ity  o f  e f fu s in g  p a r t ic le s
conta ined  in  s o l id  angle 0 is
( 2 .4 .9 )
where N is  th e  gas d e n s ity  in  the  d ischarge,
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d J l
d r
F ig u re  2 .4 .4  S o lid  angle dO subtended a t  X  by annulus o f  tk idcness dr  
in  sam pling o r i f ic e  o f ra d iu s  R,
Thus a t p o in t  X on the a x is  the c o n tr ib u tio n  to  th e  d e n s ity  from  an 
annulus in  the o r i f i c e  between rad ius  r  and r  + d r is
N dfi
== w  •
The e lem ent o f s o l id  angle d^ is  g iven  by 
d n  ^  C O S 0
and COS0 X2 9 1Cr ^
(2.4.10)
C2.4.11)
(2.4.12)
Hence the n e u t r a l  gas d e n s ity  a t X , in te g ra te d  over the o r i f i c e  i s ,  from  
e q u a tio n  (2 .4 .1 0 )  to  ( 2 ,4 ,1 2 )
N ’ (x ) — N
nR X r
0
d r
(2,4,13)
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Equation  (2 .4 ,1 3 )  rep res en ts  th e  v a r ia t io n  o f gas d e n s ity  on the ax is  
th a t \> r ill be encountered by an e f fu s in g  io n  beam. S ince the p r o b a b i l i t y  
of c o l l is io n  in  an e lem ent dx, on the beam ax is  is  p ro p o r t io n a l to  
N /(x )d x  (e q u a tio n  ( 2 . 4 . 6 ) ) ,  in te g r a t in g  N^  (x ) a long the e n t i r e  beam ax is  
y ie ld s  the p r o b a b i l i t y  o f  an io n  malting a c o l l is io n  a f t e r  e f fu s in g  through  
the o r i f i c e  as
p — o J* N ( x )  dx ~  cf^ R, (2 .4 ,1 4 )
Thus the  a tte n u a tio n  o f  the io n  c u rre n t between the sam pling o r i f ic e  
and th e  mass sp ec tro m ete r (where c o l l is io n s  are n e g l ig ib le )  is
i  =  i^  expC"' Y  * ( 2 .4 ,1 5 )
The d e n s ity  o f gas m olecu les a t the  cen tre  o f  the o r i f i c e  can be 
ob ta in ed  from  e q u a tio n  ( 2 ,4 ,1 3 )  by l e t t i n g  x —5'0, Hence the e f f e c t iv e  
gas d e n s ity  a t the o r i f i c e  ce n tre  is  N_/2. In  the n o n - id e a l s i tu a t io n  
where the o r i f i c e  has a f i n i t e  le n g th  L , talcing th e  gas d e n s ity  as N /2  
in  the e n t i r e  le n g th  o f  the o r i f i c e  tube re s u lts  in  an io n  c u rre n t  
a tte n u a tio n  o f
i  =  i ^  exp{ -  ^  n (R L) } ( 2 .4 .1 6 )
and the e f f e c t iv e  le n g th  fo r  c o l l is io n s  in  the re g io n  o f the o r i f i c e  
is  (L  + R) , S ince the c ro s s -s e c tio n  cr w i l l  depend on the  n a tu re  o f  the  
ions and n e u t r a l  gas s p e c ie s , w hether f o r  s c a t te r in g  or io n -m o le cu le  
re a c t io n s , the degree o f  a t te n u a tio n  o f p rim a ry  io n  sp ec ies  e f fu s in g  
from  the plasma w i l l  be d i f f e r e n t  f o r  the vario u s  io n  species in  the beam. 
The a tte n u a tio n  me^chanism o f e q u a tio n  ( 2 ,4 .1 6 )  has been considered  
by Helm e t  a l (1974) and f ig u re  2 .4 ,5  shows t h e i r  c a lc u la te d  a tte n u a tio n  
o f species X  due to  conversion  to  species X* in  io n —m olecu le  re a c tio n s  
fo r  o r i f ic e  dimansions o f  R ^  L — 30 pm, and R -> l  =  100pm as shox-m.
These authors have used th is  a t te n u a tio n  o f p rim ary  ions to measure io n -
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m olecule re a c tio n  c ro s s -s e c tio n s .
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F igure  2 .4 .5  A tte n u a tio n  o f  spec ies  X by an io n -m o le c u le  re a c t io n  o f
c ro s s -s e c tio n  o o c c u rrin g  in  the e f fu s in g  io n  beam, c a lc u la te d  from  
e q u a tio n  (2 ,4 .1 6 )  (a ) R + L -  30pm (b) R + I. = 100pm (fro m  Helm e t  a l  
( 1 9 7 4 ) ) .
They employed a m e t a l l ic  sam pling  o r i f i c e ,  b ia sse d  p o s i t iv e ly  to  a t t r a c t
e le c t ro n s , and produce p rim a ry  ions in  the o r i f i c e  re g io n  by e le c tro n
bombardment o f n e u t r a l  gas as d escrib ed  a t the end o f s e c tio n  2 ,4 ,1 ,
Only io n s  produced between th e  io n is a t io n  reg io n  a t  the  o r i f i c e  and the
mass sp ectro m eter are measured s in ce  p rim a ry  and secondary ions produced
in  the plasma are re p e lle d  by the p o s it iv e  sam pling probe. Thus in
•i-sam pling from  a w a te r  vapour d is c h a rg e , H^O was produced a t the o r i f i c e
tÎ*and subsequently  converted  to  H^O by
E^O^ 4- H^O  > E^O^ a- OE,
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By m easuring tire li^O and H^O io n  cu rren ts  to  the mass sp ectro m eter the
2re a c tio n  c ro s s -s e c tio n  was measured as 0 ,85  nm ,
When c o l l is io n a l  s c a t te r in g  o f ions out o f the io n  beam o ccurs , 
ions o f low mass number are g e n e ra lly  s c a tte re d  more than heavy io n s , 
W e lle n s te in  and Robertson (1972) have sampled a h e liu m  d ischarge and 
observed the r a t io  o f  m o le c u la r  to  atom ic io n  c u rre n ts , i ( h e 2  )7 iO le  ) , 
to  in c re a s e  w ith  o r i f i c e  le n g th  and p ressure  ( f ig u r e  2 , 4 , 6 ) ,  They a t t r ib u t e  
t lr is  to  in c re ase d  s c a t te r in g  o f  the  l ig h t e r  atom ic io n , in  the lonjger
o r i f i c e  and a t h ig h e r  p res su res . Resonant charge t r a n s fe r  between Re^ and 
He atoms \d L ll occur in  the o r i f i c e ,  and th is  w i l l  r e s u l t  in  h ig h  s c a t te r in g  
a tte n u a tio n  o f the atom ic io n .
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F ig u re  2 , 4 , 6  N orm alised  r a t io  o f  m o le c u la r  (He^ ) to  atom ic (He ) ions
versus th ickn ess  o f sam pling o r i f i c e  Cfram W e lle n s te in  and Robertson (1972));
P a h l (1 9 6 3 ) ,  sam pling from an Ar d is c h a rg e , and Franck and Ludcmann (19 72 ) , "  
sam pling from  an Hg d is c h a rg e , have a lso  n o ted  the c o l l is io n a l  s c a t te r in g  »
a tte n u a tio n  o f  l i g h t e r  io n s . The l a t t e r  authors found the Hgg and Hg rons % 
to  obey the  r e la t io n ,
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where p Is  the d ischarge p ressu re  and 9^ is  the io n  mean f re e  path  a t  
1 t o r r  p re s s u re . The tru e  io n  c u rre n t r a t i o ,  t y p ic a l  o f  the ions in  the  
d is c h a rg e , is  found by e jc trap o l a t in  g the measured r a t io  to  zero p re s s u re .
The consequence o f  c o l l is io n a l  s c a t te r in g  o f  ions to  the  o r i f ic e  
w a l l  is  o f  c o n s id erab le  im portance when a d ie le c t r ic  o r i f i c e  is  used fo r  
io n  sam pling. Sm ith and Plumb (197 3 ) have d r aim a t te n t io n  to the p o s s ib i l i t y  
o f accum ulation o f p o s it iv e  charge on the w a l l  o f the o r i f i c e  tube.
Th is  would le a d  to  an e l e c t r i c  f i e l d  w h ich  would oppose the flo w  o f ions  
tlrrough th e  o r i f i c e .  Io n  cu rre n ts  w ould be reduced and on ly  h ig h  energy  
ions co u ld  p e n e tra te  the f ie ld s  in  the o r i f i c e ,  The problem  may be 
overcome to  soiDe e x te n t  by using a conductive c o a tin g  on the mass sp ectro m eter  
s ide  o f  the o r i f i c e  (Knews tubb and T ic k n e r (1 9 6 2 (b ) ) ,  p ro v id e d  th a t  the  
co a tin g  does n o t in t e r f e r e  w ith  the gas discharge (eg  p e n e tra t io n  o f  the  
discharge through th e  o r i f i c e  to  the c o a t in g ) . The use o f  a m e t a l l ic  
o r i f i c e  overcomes th e  space charge b u i ld  up b u t ions w i l l  s t i l l  be lo s t  
to  the  o r i f i c e  tube w a l l .  The most s a t is fa c to r y  s o lu t io n  is  to  use a 
th in  o r i f i c e  such th a t  the o r i f i c e  le n g th  is  less than i t s  d iam e te r.
The design o f the io n  sam pling o r i f ic e  can have co n s id erab le  e f f e c t ,  
d e lib e ra te  or a c c id e n ta l,  on bo th  th e  m agnitude and r e la t iv e  com position  
of the t o t a l  p o s it iv e  io n  c u rre n t to the  mass s p ec tro m ete r. The use o f a 
m e t a l l ic  sam pling o r i f i c e  probe a llo ifs  th e  probe to  be b ia s s e d  w ith  
re s p e c t to the plasm a p o t e n t ia l .  In c re a s in g  n e g a tiv e  b ia s  on the probe 
in crease s  the  p o s it iv e  io n  c u rre n t. However la rg e  n e g a tiv e  (o r  p o s it iv e )
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v o lta g e  a p p lie d  a t  the  o r i f i c e  w i l l  r e s u l t  in  d is to r t io n  o f  the e le c t r ic  
f i e ld  around the p ro b e , thus causing io n  lens a c tio n . S im ila r  d is t o r t io n ,  
i f i t h  the same io n  lens a c tio n  r e s u l t ,  w i l l  occur when the d iam eter of 
the sam pling o r i f i c e  is  s u f f ic ie n t ly  la rg e  th a t  the e l e c t r i c  f i e ld  
p e n e tra te s  through th e  o r i f i c e .  This happens when the o r i f i c e  d iam eter  
is  g re a te r  than the Debye le n g th  c h a ra c te r is in g  the p lasm a, Tlie io n  lens  
crea ted  by the d is to r te d  f i e l d  may e i t h e r  focus o r  defocus the e f fu s in g  
io n  c u rre n t , thus enhancing or d im in is h in g  the m ass-spectrom eter s ig n a l.
F in a l l y ,  the o r i f i c e  le n g th  should  be such th a t n e i th e r  c o l l is io n a l  
s c a t te r in g  n o r io n -m o le c u le  re a c tio n s  occur in  the o r i f i c e  tube. Thus 
the c o n d itio n  th a t  L < R should be s a t is f ie d .  I f  th is  is  not the  case then  
the s c a t te r in g  and ion-raol e cu le  processes can m odify  th e  p o s it iv e  io n  
d e n s it ie s  observed mass s p e c tro m e tr ic a lly  from  those re p re s e n ta t iv e  o f  
the d isch arg e .
Thus c a re fu l design o f  the sam pling o r i f i c e  can m in im ise com plica tions  
in  the a n a ly s is  o f the mass spectrum  a r is in g  from  th is  source,
2 .5  CONCLUSIONS
The p reced in g  d iscuss ion  has shoma th a t p o s it iv e  io n  mass s p e c tra  
sampled from dc glow d ischarge plasmas can be in f lu e n c e d  by many e f f e c t s .  
These e f fe c ts  may be d iv id e d  in t o  two groups ; those w hich a r is e  from  
e x p e rim e n ta l design and those w hich are la r g e ly  o u tw ith  e x p e rim e n ta l c o n tro l.  
The most im p o rta n t design fe a tu re  o f  an io n  sam pling experim ent 
concerns the c o n s tru c tio n  o f the sam pling o r i f i c e .  S e c tio n  2 ,4  has 
shown t h a t ,  i d e a l l y ,  such an o r i f i c e  should  have a d iam eter to  le n g th  
r a t io  g re a te r  than u n ity  to  avo id  the  p o s s ib i l i t y  o f  re a c tio n s  o c c u rrin g  
in  the o r i f i c e  tube. A ls o , to  m in im ise  the e f f e c t  o f f i e l d  p e n e tra t io n
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through the o r i f i c e ,  the d iam eter should be less  than the plasma Debye 
le n g th . Whether a r e t a l l i c  o r d ie le c t r ic  o r i f ic e  is  chosen la r g e ly  
depends on the o b je c t  o f the exp erim en t. However, fo r  s tra ig h tfo rw a rd  
io n  m o n ito r in g , a d ie le c t r ic  o r i f i c e  is  more s u ita b le  s ince  i t  d is tu rb s  
the plasm a le a s t  and avoids b ia s  s ing  problem s.
The fa c to rs  whiclr cannot be c o n tro lle d  in  an experim ent are those which  
are p a r t  o f  the n a tu r a l  b eh a v io u r o f  the d is c h a rg e , such as io n  d if fu s io n  
r a te s ,  n e g a tiv e  io n  in f lu e n c e , volume recom bination  e f fe c ts  and w a l l  
sheath  c o l l is io n s .  S e c tio n  2 ,2  and 2 ,3  have in d ic a te d  the e x p e rim e n ta l 
co n d itio n s  where such e f fe c ts  w i l l  be im p o rta n t and, where n e cessa ry , 
how these may be e s tim a te d .
Chapter 3  d escribes  a m a s s -sp e c tro m etrie  io n  m o n ito r in g  system  
w hich has been designed and co n stru c ted  s p e c i f ic a l ly  to  in v e s t ig a te  
plasmas used to  e x c ite  CO2 la s e rs . Many o f the effects discussed in 
Chapter 2 are i l l u s t r a t e d  and e v a lu a te d  fo r  th is  system.
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3 .1  GENERAL DISCUSSION OF EXPERIMENT
The carbon d io x id e  la s e r ,  w hether o f slow a x ia l  gas f lo w , convective  
gas flo w  o r TEA design (see s e c tio n  1 ,2 )  can a tta ia i e l e c t r i c a l  to  o p t ic a l  
conversion e f f ic ie n c ie s  approaching 25% fo r  s u ita b ly  o p tim ised  c o n d it io n s . 
The d iscuss ion  o f Q ia p te r  1 (s e c t io n  1 ,3 )  has shown th a t  the achievem ent 
o f th is  h ig h  e f f ic ie n c y  depends on b o th  the la s e r  gas tem perature  and 
e le c t r ic  d ischarge E /N . S e c tio n  1 .4  has i l l u s t r a t e d  how, in  th e o ry , the  
discharge E/N  may be c a lc u la te d  from  knoivledge o f the plasm a k in e t ic s  
Cie a ttach m en t, io n is a t io n  e t c ) .  How ever, due to  lade  o f  knowledge o f  
the p re c is e  n a tu re  o f the ions species p re s e n t, c a lc u la t io n s  o f  d ischarge  
E/N and o th e r dependent param eters (eg  la s e r  e f f ic ie n c y ,  s t a b i l i t y )  based  
on p re s e n tly  a v a ila b le  d a ta  can o n ly  be considered s p e c u la t iv e .
An e x p e rim e n ta l system has been designed and co n s tru c te d  to  mass- 
s p e c tro m e tr ic a lly  analyse the  p o s it iv e  io n  species p re s e n t in  the p o s it iv e  
column o f  a t y p ic a l  CO  ^ la s e r  d isch arg e . This experim ent is  based on 
the p r in c ip le s  o f p o s it iv e  io n  sam pling from  glow d ischarge plasmas 
discussed in  C hapter 2 . The gas d ischarge source is  in te n d e d  to  s im u la te  
e l e c t r ic a l  c o n d itio n s  o c c u rr in g  in  the p o s it iv e  column o f a c o n v en tio n a l 
a x ia l  f lo w  CO  ^ la s e r .  V a r ia t io n  o f  gas f lo w  r a t e , d ischarge c u rre n t and 
pressure  has enab led  a d e ta i le d  u n derstand ing  o f  the p o s it iv e  io n  k in e t ic s  
o f CO  ^ la s e r  d is c h a rg e s , as w i l l  be discussed in  C hapter 4. This knowledge 
enables p ro je c t io n s  o f  l i k e l y  p o s it iv e  io n  species in  EDCL^s and TEA 
la s e rs  to  be made in  a more en lig h ten ed -m an n er than has been p o s s ib le  in  
the p a s t .
Th is  ch ap te r discusses the d e ta i ls  o f  the p o s it iv e  Io n  sam pling  
experim ent used to  determ ine p o s it iv e  io n  species in  CO^-N^-He d ischarges  
and w i t h  the a id  o f the  th eo ry  o f  io n  sam pling (c h a p te r  2) the r e l i a b i l i t y  
o f the re s u lts  is  .considered.
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Tlie e x p e rim e n ta l system  is  shown in  f ig u re  3 .1 ,1  and consists  o f th ree  
chambers correspond ing  to  d i f f e r e n t  p ressure  regim es. The f i r s t  is  une 
discharge tube (p ~ 1—20 to r r )  from  w hich ions and n e u t r a l  p a r t ic le s  
e ffu s e  to  the in te rm e d ia te  pumping chaidser (p < 10 t o r r )  through a 
prim ary  sam pling o r i f ic e  o f a, 100pm d ia m e te r. P a r t ic le s  e ffu s e  from  th is  
second chaiiher to  the mass sp ec tro m e te r chamber, where the pressure  is  
<10”  ^ t o r r ,  through a 1 ram d ia m ete r o r i f ic e  at th e  apex o f  a s ta in le s s  
s te e l  cone. The quadrupole mass sp ectro m eter (VG-Micromass Q8K) is  
s itu a te d  in  th is  h ig h  vacuum environm ent.
The requirem ents o f an io n  m o n ito rin g  system such as th a t  o f  f ig u re  
3 .1 ,1  have been considered  by Mark and Helm (1974) and a r e ; -
1. Adequate re s o lv in g  power and h ig h  tra n s m iss io n . The re s o lv in g  
power is  n o rm a lly  e le c t r o n ic a l ly  v a r ia b le  and t y p ic a l  tra n s m is s io n  
e f f ic ie n c y  is  ^ 90% f o r  the quadrupole system.
2 . H ig h  s e n s i t iv i t y  and la rg e  dynamic range. These q u a l i t ie s  a llo w  
v e ry  weak s ig n a ls  to be d e te c te d  and compared w ith  the  m ajo r  
species in  th e  mass spectrum .
3 , E ith e r  minimum en erg y  d is c r im in a tio n  Cover an energy range o f  
a t  le a s t  10 eV) o r c o n tr o lle d , v a r ia b le  energy a n a ly s is . The 
l a t t e r  allow s the e f f e c t  o f io n  energy d is c r im in a t io n  to  be 
e v a lu a te d ,
4 . H i^ i  source p ressu re  c a p a b il it i .e s  , e n a b lin g  in v e s t ig a t io n  o f  
plasmas over a id ,de range o f  p re ssu re .
5 , Minimum in f lu e h c e  o f  the mass sp ectro m eter a n a ly s in g  f i e l d  on the  
plasm a. H ig h  m agnetic  f ie ld s  as so c ia ted  w i t h  m agnetic  s e c to r  
spectrom eters can d is t o r t  th e  plasm a,
6 , Bakeable system , e s p e c ia l ly  when im p u r ity  phenomena are u n d e s ira b le ,
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7, U n c r i t ic a l  io n  in je c t io n  ang le . This s im p li f ie s  a lignm ent in  
io n  beam experim ents .
The ”VG Quadrupoles" Q8 K quadrupole mass sp ectro m eter used in  the 
e x p e rim e n ta l c o n fig u ra t io n  described  in  th is  s e c tio n  s a t is f ie s  a l l  o f  
these requirem ents a lthough balcing o f  the system was n e v e r c a r r ie d  o u t.
Since a l l  im p u r ity  e f fe c ts  observed in  experim ents re s u lte d  d i r e c t ly  from  
the d ischarge gas, and n o t from  re s id u a l contam inants in  the vacuum 
system , b ak in g  was unnecessary.
S im ila r  designs to  th a t  o f  f ig u r e  3 ,1 ,1  have been employed in  the p a s t  
to determ ine p o s it iv e  io n  spec ies  in  dc glow d ischarges in  v a rio u s  gases, 
Knewstubb and Ticlcner have s tu d ie d  p o s it iv e  ions in  ra re  gases C l9 62 (a ) ,
1962Cb)) , C l962C c)) and H2 O C1963) , Dawson and T ic k n e r
C1963) have in v e s t ig a te d  p o s it iv e  ions in  CO^  w h ile  Gaur and Chanin (1969) 
have examined Ne and A r, Recent work on gas m ix tu res  has in c lu d e d  Re-S 0 2 "'C0 -'C0 2  
(Kuehn and Chanin (1 9 7 2 ,1 9  7 3 ) ) ,  CO-'He (Egorov e t  a l C19 7 5 )) and He-CO-Og 
(Keren e t  a l  (1 9 7 6 (a ) ,  1 9 7 6 ( b ) ) ) ,  P o s it iv e  io n  species  in  C0 ^-N 2 '-He 
m ixtu res  have been determ ined by A u s tin  and Sm ith (19 72) b u t only in  the 
cathode re g io n  o f th e  d is c h a rg e . Tannen e t  a l  (1974) have measured r e la t iv e  
co n cen tra tio n s  o f  p o s it iv e  ions in  a (^ "^ 2 "^2""^'^ flox-m ig a fte rg lo w . However 
these re s u lts  f o r  CO^-'N^’^ He la s e r  gas m ix tu re s  cannot be considered  
re p re s e n ta tiv e  o f  t y p ic a l  p o s it iv e  io n  species in  CO  ^ la s e rs  s in ce  n e ith e r  
sample from  the p o s it iv e  column o f the d isc h arg e . The p o s it iv e  column 
accounts fo r  alm ost a l l  o f  th e  0 0 ^ la s e r  d ischarge and i t  is  d e s ira b le  
to  make d ire c t  measurements from  th is  re g io n  o f  th e  d is c h a rg e .
S e v e ra l modes o f  o p e ra tio n  are p o s s ib le  w ith  th e  system o f f ig u re  
3 ,1 ,1 ,  A n a lys is  o f n e u t r a l  species  alone can be perform ed by using an 
e le c tro n  bombardment io n is a t io n  source a t the mass sp ectro m eter en trance
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to io n is e  the n e u t r a l  beam, and by a rra n g in g  th a t  the  p o t e n t ia l  a t the  
sam pling o r i f ic e  in  the d ischarge tube p revents ions from  the plasma 
reach in g  the mass sp ec tro m ete r. An "io n s  on ly" mode can be achieved by 
s u ita b le  adjustm ent o f  p o te n t ia ls  a t  the discharge tu b e , secondary p in h o le /g r id  
system and the  mass sp ectrom eter en tran ce  a p e r tu re , and by swi t  ch in  g 
o f f  the e le c tro n  bombardment io n  source, A com bination o f  these üfo  
modes o f  o p e ra t io n , s im u lta n eo u s ly  sam pling b o th  ions and n e u t r a l  p a r t ic le s  
from  the d is c h a rg e , is  a lso  p o s s ib le .
The beam o f ions and n e u t r a l  p a r t ic le s  from the d ischarge tube to  
th e  mass sp ectro m eter is  d e fin e d  by the p rim ary  and secondary o r i f ic e s  
and is  a lig n e d  w ith  th e  quadrupole a x is . P rim ary sam pling o r i f ic e s  o f  
both  m e t a l l ic  ( n i dea l and s ta in le s s  s t e e l )  and d ie le c t r ic  (g la s s ) m a te r ia ls  
have been used in  e x p e rim e n ts , b u t unless s ta te d  o th e rw is e , re s u lts  r e f e r  
to  the d ie le c t r ic  o r i f i c e  type .
When opera ted  in  the n e u t r a l  p a r t ic le  m o n ito rin g  mode the spectrum  
d e te c te d  by the  mass sp ectro m eter a r is e s  from two sources, f i r s t  th e re  
is  th e  spectrum  due to  species  in  the beam w hich is  r e la te d  to  the  
abundances o f n e u t r a l  p a r t ic le s  in  the d isch arg e . Second, th e re  is  a 
spectrum  corresponding to  "badeground" s p e c ie s , Tliese a r is e  from re s id u a l  
gas in  the mass sp e c tro m e te r chamber and from s c a t te r in g  o f p a r t ic le s  
th rough  th e  secondary o r i f i c e  a f t e r  c o ll is io n s  w ith  th e  w a lls  o f the 
in te rm e d ia te  chamber (The p ressure  in  th is  chamber is  s u f f i c ie n t ly  lc%f 
th a t  the mean f re e  p a th  is  g re a te r  than the dimensions o f the chamber and , 
c o l l is io n a l  s c a t te r in g  from  o th e r  p a r t ic le s  is  u n im p o rta n t). Th is  
"background" s ig n a l is  reduced by em ploying fa s t  d if fu s io n  pumps to  
reduce the re s id u a l gas p ressu re  in  the mass sp ectro m eter chamber and 
remove p a r t ic le s  w h ich  e ffu s e  from the d ischarge to  the in te rm e d ia te  
chamber, ex ce p t those in  the beam.
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Wlien o p e ra tin g  in  c o n d itio n s  fo r  d e te c tio n  o f  ions produced by the  
d is c h a rg e , only the io n s  in  the beam w i l l  be d e te c ted  by the .r.ass
sp ec tro m e te r, Tliose ions not in  the beam are assumed to be lo s t  in  s in g le
c o ll is io n s  w ith  the m e t a l l ic  w a lls  o f  th e  apparatus.
Mien the io n  c u rre n t to  the mass sp ectro m eter is  very  w eak, eg . in  the
case o f  m in o r ity  io n  s p e c ie s , the io n  s ig n a l - t o~noise r a t io  can bo 
improved by be am m o d u la tio n . This is  achieved by using the chopper 
s itu a te d  in  the in te rn fâ d ia te  diamber and phase s e n s it iv e  d e te c tio n  o f  
the m odulated e le c tro n  m u l t ip l i e r  o u tp u t, as shoxm in  f ig u re  3 ,1 .1 ,
C o n tro l o f  p o te n t ia ls  a p p lie d  a t  v a rio u s  p o in ts  in  the system is  
e x c e e d in g ly  im p o rtan t f o r  p o s it iv e  io n  a n a ly s is . Complete loss  o f io n  
s ig n a l w i l l  occur i f  a re ta rd in g  o r  d e f le c t in g  e l e c t r i c  f i e l d  o f s u f f i c ie n t  
in t e n s i t y  e x is ts  between the d is d ia rg e  sam pling o r i f i c e  and the  mass 
s p e c tro m e te r, w h ile  d eg rad atio n  o f  the io n  s ig n a l w i l l  r e s u lt  from  poor 
io n  focu ss in g .
T y p ic a l p o te n t ia ls  between d ischarge and mass sp e c tro m e te r are  shown 
in  f ig u r e  3 . 1 ,2 ,  The p o t e n t ia l  a t  the sam pling o r i f i c e  is  m o n ito re d  
d ir e c t ly  by an in s u la te d  probe in s e r te d  in to  the d ischarge a t the sam pling  
p o in t  (see f ig u re  3 , 1 , 1 ) ,  Th is  probe is  connected to  e a r th  v ia  a h ig h  
impedance v o ltm e te r  and thus assmms f lo a t in g  p o t e n t ia l  w ith  re s p e c t to  
the plasm a. The re a r  s u rfa c e  o f the sam pling o r i f i c e  is  a lum inium ^coated , 
to  p re v e n t accum ulation o f  space charge and is  f ix e d  a t e a r th  p o t e n t ia l .
Thus th e  p o t e n t ia l  d if fe re n c e  across the o r i f i c e  le n g th  is  th a t  measured  
by th e  probe.
P o s it iv e  ions cross th e  w a l l  s h e a th  g a in in g  some f r a c t io n  o f  the  
sheath  p o t e n t ia l ,  (e q u a tio n  ( 2 , 3 , 2 ) ) ,  depending on c o ll is io n s  in  the  
sheath . They are  then a c c e le ra te d  th rough  th e  o r i f i c e  by th e  e a rth e d  co a tin g  
on the  r e a r  s u rfa c e , On e n te r in g  th e  d r i f t  reg io n  between o r i f ic e s  Lae
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Figure  3 .1 ,2  T y p ic a l p o te n t ia ls  a t  va rio u s  p o in ts  in  th e  sam pling system  
(n o t to  s c a le ) .
Sheath p o t e n t ia l  d if fe re n c e  -  15V
Sampling p ro b e -e a r th  p o te n t ia l  ~ + 30V 
Secondary o r i f i c e - e a r t h  p o t e n t ia l  ~ -  20V 
Io n  focussing  lens -  -  70V
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ions have an energy e q u a l to  the sum o f th a t  gained on a c c e le ra t io n  through  
the o r i f ic e  (as determ ined by the in s u la te d  probe v o lta g e ) p lus  w h atever  
f r a c t io n  o f  th e  sheath  p o t e n t ia l ,  V . , they have g a ined .
Focussing by the  io n  lenses a t  the secondary o r i f ic e  and the mass 
sp ectro m eter en tran ce  in  f ig u r e  3 ,1 ,2  enables the io n  s ig n a l to be 
o p tim is e d , bu t does n o t a f fe c t  the io n  energy on e n te r in g  th e  an a ly se r  
re g io n  o f  the mass s p e c tro m e te r. F ig u re  3 ,1 .2  shox^ Te th a t  ions w i l l  have 
<v 3 0 -4 0  eV energy th rough the  quadrupole a n a ly s e r.
I t  was no ted  in  s e c tio n  2 ,3 ,1  th a t  the optimum re s o lu t io n  w hich  
could be achieved by the mass s p ectro m eter decreased as th e  io n  energy  
In c re a s e d . This a r is e s  from  th e  s h o r te r  tim e fo r  w hich fa s t  moving ions  
exp erien ce  the an a ly s in g  f ie ld s  o f the quadrupole mass f i l t e r .  Tlie 
e f f e c t  o f  in c re a s in g  th e  io n  energy from  ^v40 eV to  *v70 eV on the re s o lu t io n  
of the  mass spectrom eter is  shown in  f ig u r e  3 ,1 ,3 ,  The peak a t  mass 32 is  
b a re ly  re s o lv e d  a t  th e  h ig h e r  energy . A ccording to  e q u a tio n  ( 2 .3 ,1 0 )  
the optimum re s o lv in g  power is  one mass u n it  in  t h i r t y  (R = 30) a t  40eV 
ion  energy b u t o n ly  one mass u n it  in  tw enty (R -  20) a t 70 eV fo r  the  
quadrupole mass sp ec tro m e te r employed. Th is  p re d ic ts  s l ig h t ly  b e t t e r  
re s o lu t io n  than is  e x p e r im e n ta lly  observed in  f ig u r e  3 . 1 , 3 ,  b u t th is  may 
be due to  the spread in  e n erg ies  o f  ions d r i f t i n g  through the a n a ly s e r .
Three fe a tu re s  o f the quadrupole mass sp ectro m eter are p a r t ic u la r ly  
u s e fu l in  an a ly s is  o f  ions produced in  the gas d ischarge source. The 
f i r s t  is  the a b i l i t y  to  v a ry  th e  p o t e n t ia l  a t  the mass sp ectro m eter  
en tran ce  a p e r tu re , thus e x c lu d in g  io n s  o f  in s u f f ic ie n t  energy to  overcome 
the r e ta rd a t io n  in tro d u c e d . Th is  io n  energy a n a ly s is  is  d iscussed in  
connection w ith  the e f f e c t  o f  th e  w a l l  sheath  in  s e c tio n  3 ,3 ,
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F ig u re  3 .1 .3  P o s it iv e  io n  mass s p e c tra  from  a 6 -1 2 -8 2 ,  CO^-N^'^He d ischarge  
a t 10 t o r r ,  10 mA. Upper t r a c e ,  *^40 eV io n  energy; low er t ra c e ,
'V 70 eV io n  energy. Ions are HgO^ Gmass 19) , NO'^Cmass 30) ,
0 + (mass 32) , H^0+. (H^ O) (mass 37) , (mass 44) and HCO^ (mass 45) .
The second u s e fu l fe a tu re  Is  th e  a b i l i t y  to vary  the p o t e n t ia l  of 
the quadrupole an a ly s e r reg io n  by _+ 15V ^vith re s p e c t to  e a r th . Th is  
has the e f f e c t  o f  a c c e le ra t in g  o r  d e c e le ra tin g  th e  ions towards the  
quadrupole reg io n  thus a l t e r in g  th e  d r i f t  v e lo c i ty  o f  the ions through  
the  a n a ly s e r . Th is  allow s an improvement in  re s o lu t io n  f o r  fa s t  moving 
ions by slow ing  them do-î-m so th a t  they experience  the a n a ly s in g  f ie ld s  
of the quadrupole fo r  -a lo n g e r tim e . However re s o lu t io n  is  u lt im a te ly  
l im ite d  by the design o f th e  mass sp ec tro m e te r.
By m ounting th e  system o f sam pling o r i f ic e s ,  fo cu ss in g  le n s e s , quadrupole  
an a lyser and e le c tro n  m u l t ip l i e r  c o a x ia l ly ,  no t o n ly  ions b u t photons 
and m e ta s ta b le  n e u t r a l  p a r t ic le s  can e ffu s e  from  the d ischarge to  the
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m u l t ip l ie r .  Only the charged io n  species are mass analysed b u t both  the  
photons and the m etas ta b le s  can e je c t  e le c tro n s  from  the  f i r s t  dynode 
o f the m u l t ip l i e r  and can thus g iv e  r is e  to  a n o isy  background in  the 
ion  mass spectrum . To avo id  t h is ,  the t h i r d  u s e fu l fe a tu re  o f the mass 
sp ectro m eter is  the p ro v is io n  o f  an o f f - a x is  e le c tro n  m u l t ip l ie r .  Due to  
t h e i r  charge, ions can be d e f le c te d  b y -an  e le c t r ic  f i e l d  on to  the f i r s t  
dynode o f  the o f f - a x is  m u l t i p l i e r  a f t e r  a n a ly s is , w h ile  photons and 
m etastab les  are  n o t d e fle c te d  and do n o t s t r ik e  the -m u lt ip l ie r ,
A w e ll  res o lv ed  mass spectrum  o f p o s it iv e  ions in  a 1^% ^^2 ’
12% ? 80 2 % He m ix tu re  a t 10 t o r r  and 10 mA, in  a 1 cm rad iu s  tube -
co n d itio n s  s im i la r  to  a ot la s e r  d ischarge -  is  shown in  the upper t ra c e  
o f f ig u r e  3 ,1 ,3 ,  For reasons to  be discussed in  subsequent s e c tio n s  o f  
th is  c h a p te r , s p e c tra  such as th is  are b e lie v e d  to  be re p re s e n ta t iv e  o f  
the io n  species a c tu a l ly  p re s e n t in  the plasm a.
3 ,2  THE GAS DISCHARGE
W ith  th e  development o f h ig h  power CO^  la s e r s , much da ta  re le v a n t  
to C0 2 ~N2 *Hle and pure CO» gas d ischarges has re c e n t ly  been o b ta in e d , 
both t h e o r e t ic a l ly  and e x p e r im e n ta lly . This in c lu d e s  knowledge of e le c tro n  
energy d is t r ib u t io n s  and e le c tro n  tem peratures (N ighan (1 9 7 0 ) ,  Judd ( 1 9 7 4 ) ) ,  
e le c tro n  d r i f t  v e lo c i t ie s  (Lowke e t  a l  ( 1 9 7 3 ) ) ,  io n is a t io n  and d is s o c ia t iv e  
attachm ent c o e f f ic ie n ts  (Nighan and Wiegand (1 9 7 4 ) , B le tz in g e r  e t  a l  ( 1 9 7 5 ) ) ,  ■ 
t±ie CO2  e le c tro n  im pact d is s o c ia t io n  process (Sm ith and A u stin  (19 7 4 ) ,
C orvin  and C o rrig an  ( 1 9 6 9 ) ) ,  and th e  gas tem perature  (Laderman and Byron (1971% 
This d a ta  is  i n s u f f ic ie n t  to  a llo w  d e ta i le d  plasm a m o d e llin g , as th e  | 
plasma i n s t a b i l i t y  com putations d iscussed in  ch ap te r 1  i l l u s t r a t e d .
N e verth e le s s  many o f  the a v a ila b le  param eters are  u s e fu l in  d e s c rib in g  the
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e l e c t r i c a l  and chem ical c o n d itio n s  o f the d isch arg e , Tliis  avoids the  
inconvenience o f  the d e te rm in a tio n  of re q u ire d  d ata  by sep ara te  experim ent. 
Param eters a p p ro p ria te  to the gas d ischarge o f  the p re se n t experim ent 
are g iven in  T ab le  3 ,1 ,  A ls o , the  sheath  param eters (v o lta g e , th ickness  
and average f i e ld )  have been c a lc u la te d  f o r  the d ischarge and arc g iven  in  
Table 3 .1 ,
TABLE 3 .1
Gas m ix tu re  6 % COg, 12% , 82% He
Discharge p ressure  1 - 2 0  t o r r
D ischarge c u rre n t 1 0 - 6 0  mA
Gas f lo w  ra te  • 0 ,1  — 1 ,5  & s ^
D ischarge tube rad iu s  1 cm
D ischarge le n g th  20 cm
Gas tem perature  400-600 K Cl)
E le c tro n  tem perature  1  — 2 eV (2.)
Discharge E/p ( lo n g itu d in a l  f i e l d  1 0 -2 0  V cm ^ to r r  ^
^p res su re )
E le c tro n  d e n s ity  5 x  10^ — 3  x  10*^  cm ^ (3 )
Debye le n g th  (e q u a tio n  2 ,3 ,7 )  100 qtm
Io n  mean f re e  p a th  (e q u a tio n  2 ,3 ,2 0 )  40-800 qrni
Sheath v o lta g e , y .  (e q u a tio n  2 .3 ,2 )  'v 15-20  V
Sheath th ic k n e s s , d  ^ (e q u a tio n  2 ,3 ,3 5 )  n,500 qim
Average sheath  f i e l d  ^  300 V cm ^
(1 ) Laderman and Byron (1971)
(2 ) N ighan (1970)
(3 ) C a lc u la te d  from  th e  d ischarge  c u rre n t and u s ing  d r i f t  v e lo c i t y  from  
Lowke e t  a l  (1 9 7 3 ),
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The t o t a l  p o s it iv e  io n  c u rre n t reach in g  the  mass sp ectrom eter as a 
fu n c tio n  o f  d ischarge c u rre n t , gas p ressure  and gas f lo w  ra te  is  g iven  
in  f ig u re s  3 , 2 , 1 ,  to  3 ,2 .3 ,  These curves r e f e r  to  a m ix tu re
in. the p ro p o rtio n s  6 % CO^  ~ 12% *”82% He w ith  a p o t e n t ia l  o f  30V
w ith  re s p e c t to  e a r th  a t the sam pling o r i f ic e ,  and -  20V w ith  re s p e c t to  
e a r th  a t  the secondary o r i f i c e .  The shape o f  these curves is  now 
discussed in  c o n ju n ctio n  w ith  the r e la t io n  C 2 ,2 ,1 6 ) ,
,n ,A T_
( 3 .2 ,1 )
4
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F ig u re  5 .2 .1 .  V a r ia t io n  o f t o t a l  io n  c u rre n t to  mass sp ectrom eter  
( a r b i t r a r y  u n its )  w ith  d isch arg e  c u rre n t in  a 6 -1 2 -8 2 , ^ 0  -Ng-He mix 
a t  1  t o r r  (E /p = 50 V  cm T^torr™ ') and 4 t o r r  (E /p =  12V t o r r ~ ^ ) .  The
gas f lo w  r a te  i s , 1 » 5  1  s «
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Fifflzre 5 * 2 .2 .  V a r ia t io n  o f  t o t a l  io n  c u rre n t to  mass sp ectrom eter  
( a r b i t r a r y  u n its )  w ith  p ress u re  f o r  a 6 -1 2 -8 2 j, COg-Ng-He m ix a t  10mA
and 50 mA. The fî/p  f o r  each p o in t  is  g iv e n  in  b ra c k e ts  and the  gas f lo w  
—1r a t e  is  1 * 5  1  s .
ro ( 12) f i5 )
0 0*5
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F ig u re  5 .2 * 5 *  V a r ia t io n  o f  t o t a l  io n  c u rre n t to  mass sp ectrom eter  
( a r b i t r a r y  u n its )  w ith  gas f lo w  r a te  f o r  a  6 -1 2 -8 2 , COg-N -H e mix 
4 t o r r ,  50mA, The E /p  f o r  each p o in t  i s  g iv e n  in  b ra c k e ts .
a t
I l l
F i r s t ,  in  f ig u r e  3 , 2 . 1 ,  the t o t a l  io n  pealc h e ig h t is  found to 
decrease w ith  in c re a s in g  d ischarge c u rre n t a t  4 t o r r  p re s s u re . This is  
c o n tra ry  to  the p re d ic t io n  o f e q u a tio n  ( 3 ,2 ,1 )  above, which g ives a s ix ­
fo ld  r is e  in  peak h e ig h t  as the d ischarge c u rre n t ( ie  n^) is  ra is e d  from  
10 mA to  60 inA, The in c re a s e  in  gas tem perature  a r is in g  from th is  c u rre n t  
increase  w i l l  no t r e s u lt  in  more than a fa c to r  o f 1 .5  re d u c tio n  in  ion  
peak h e ig h t from r e la t io n  ( 3 ,2 ,1 )  ( i e  the gas tem perature  w i l l  n o t be 
g re a te r  than 65 0K ), The curve f o r  p — 1 t o r r  is  in  q u a l i t a t iv e  agreement 
w ith  e q u a tio n  ( 3 , 2 , 1 ) .
Second, from  f ig u r e  3 , 2 , 2 ,  the io n  peak h e ig h t decays w ith  in c re a s in g  
source p re s s u re , in  approxim ate agreement w ith  eq u atio n  ( 3 , 2 , 1 ) ,  The E/p 
decreases as the p ress u re  in c rea se s  from  2  t o r r  to 1 0  t o r r  as shown in  
the f ig u r e .  F in a l ly ,  the v a r ia t io n  o f  io n  c u rre n t w ith  f lo w  r a te  is  
shoMm in  f ig u re  3 ,2 ,3 ,  A lthough eq u a tio n  ( 3 .2 ,1 )  does n o t e x p l i c i t l y  
in c lu d e  gas f lo w  r a t e ,  th is  param eter a f fe c ts  the gas tem p era tu re . The 
gas is  h o t te r  a t low f lo w  ra te s  and consequently a lo w er io n  pealc h e ig h t  
is  expected  from e q u a tio n  ( 3 , 2 , 1 ) ,  Th is  is  c o n tra ry  to  e x p e rim e n ta l 
o b s e rv a tio n . Once a g a in , the  Ej/p v a r ie s  in  th is  f ig u r e  from  9 Y cm t o r r
ah 0 ,2  & s  ^ to  13 V cm  ^ t o r r   ^ a± 1 ,3  & s
Thus, u n fo r tu n a te ly , the v a r ia t io n  of the  p o s it iv e  io n  c u rre n t  
e ffu s in g  from  a d ischarge t y p ic a l  o f  a CO  ^ la s e r  is  n o t as sim ple as 
p re d ic te d  by eq u atio n  ( 3 , 2 , 1 ) ,  There are th re e  im p o rta n t co m p lic a tin g  
fa c to rs  w hich may account, to  some e x te n t ,  f o r  th e  d isc re p an c ie s  betnveen 
eq u atio n  ( 3 .2 ,1 )  and e x p e rim e n ta l o b s e rv a tio n .
The f i r s t  c o m p lica tio n  a r is e s  from  changes in  the gas com position  
due to d is s o c ia t io n  o f  CO^, and subsequent p lasm a-chem ical re a c tio n s
12
r e s u lt in g  in  the presence o f  CO, 0^ ? and tra c e s  o f  the oxides o f n itro g e n  
Cie N2 O, NO and NO^,» Tannen e t  a l  (1 9 7 4 ) ) ,  The degree o f d is s o c ia t io n
depends on d ischarge c u r re n t , gas p ressure  and time spent by the gas in
tdie d ischarge ( ie  f lo w  ra te )  (S m ith  and A u stin  (1 9 7 4 ) ) ,  Thus, a lthough  
the i n i t i a l  gas com position in  f ig u re s  3 ,2 ,1  to  3 , 2 , 3  is  6 % COg-^ZB Ng-S## H e, 
the change in  gas m ix tu re  between the gas i n l e t  and th e  sam pling p o in t
can r e s u lt  in  p ro d u c tio n  o f  up to 2% CO, 1% O2  and v 0,1% oxides of
n itro g e n  under p re s e n t e x p e rim e n ta l co n d itio n s  (see C hapter 4 ) .  This  
means th a t  a l l  e x p e rim e n ta l p o in ts  in  f ig u re s  3 ,2 ,1  to  3 .2 .3  correspond to  
s l ig h t ly  d i f f e r e n t  gas m ix tu re s . The change in  gas com position is  the 
most l i k e l y  e x p la n a tio n  o f  the  changing E /p  in  f ig u re  3 .2 .3 .
S econd ly , the change in  E7p in  f ig u r e  3 ,2 ,2  (due m ain ly  to changing  
pre ss u re ) and f ig u r e  3 ,2 ,3  (due to  gas com position changes) has two 
consequences. The f i r s t  is  t h a t ,  s in ce  the average energy gained by 
an e le c tro n  between c o l l is io n s  is  e E (where e =  e le c t r o n ic  charge and 
=  e le c tro n  mean f re e  p a th ) and s in ce  “ p ^ , the q u a n t ity  E7 p is  a 
convenient express ion  o f  average e le c tro n  en erg y , s im i la r  in  th is  resp ect 
to the  e le c tro n  te m p e ra tu re , T^, Thus in c re a s in g  E /p  r e s u lts  in  g re a te r  
average e le c tro n  energy and a h ig h e r  v a lu e  o f  T^, The second consequence 
of v a ry in g  E /p  is  th a t  the e le c tro n  d r i f t  v e lo c i ty  in  COg-N^-He m ix tu res  
in crease s  m o n o to n ic a lly  w ith  E /p  (Lowke e t a l  (1 9 7 3 ) ) .  Thus, under 
co n stan t c u rre n t c o n d it io n s , an in c re a s e  in  E/'p g ives  an in c re a s e  in ' th e  
e le c tro n  d r i f t  v e lo c i t y ,  and a corresponding drop in  the e le c tro n  d e n s ity ,  
n^. Hence, c o n s id e ra tio n  o f  the e f f e c t  o f  in c re a s in g  the E /p  in  eq u atio n
( 3 .2 ,1 )  shows th a t  the p o s it iv e  io n  c u rre n t to  the  mass sp ectro m eter w i l l  
in c re a s e  due to in c re a s in g  T ^ , b u t w i l l  drop due to  d ecreas ing  n .
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The f i n a l  fa c to r  co m p lic a tin g  th e  an a ly s is  o f f ig u re s  3 ,2 ,  j, to  _ j,2 ,^  
is  the  in f lu e n c e  o f vo 1  um.e recom bination  o f p o s it iv e  ions and e le c tro n s .
As d iscussed in  s e c tio n  2 ,2 ,3  th is  can lea d  to  c o n s tr ic t io n  Oi tne p o s it iv e  
column when the d if fu s io n  time o f p o s it iv e  ions to  tne w a l l  is  lo n g e r  
than the c h a r a c te r is t ic  time f o r  reco m b in a tio n . Thus c o n s tr ic t io n  o ccu rs , 
to  some deg ree , when the in e q u a l i ty  ( 2 .2 ,3 1 )  is  s a t is f ie d ,  ie
np % - 4 -  . ( 3 .2 .2 )
H g
2 -1  ■ - 8  3 - 1Using approxim ate values o f  D^p v  500 cm t o r r  s  ^ and 3 v  10 cm ^
a t a few  t o r r  CVon E ngel (1 9 6 5 , p l4 4  and p 1 6 3 ) ) ,  in  a d ischarge tube of
1 0  - 31 cm ra d iu s , c o n s tr ic t io n  begins at a v a lu e  o f np v  5 x  10 to r r  cm ,
Comparing th is  va lu e  w ith  va lu es  o f  e le c tro n  d e n s ity  and p re ss u re  in  Tab le  3 ,1
sho\\TS th a t  c o n s tr ic t io n  o f th e  d ischarge is  l i k e l y  at the h ig h e r  v a lu es
o f c u rre n t and p ressu re  used in  the ex p erim en t. S ince the sam pling
o r i f i c e  is  lo c a te d  in  the d ischarge w a l l ,  i t  w i l l  no lo n g e r be a d ja c e n t
to the plasm a, and e q u a t io n ( 3 .2 .1) w i l l  n o t apply in  the c o n s tr ic te d
d isch a rg e . Recom bination w i l l  occur between the plasm a and the o r i f ic e
re s u lt in g  in  a reduced io n  c u rre n t to  th e  mass sp ec tro m e te r.
I t  would appear th a t  c o n s tr ic t io n  o f  th e  d ischarge is  the cause o f
the drop in  ion peak h e ig h t w ith  in c re a s in g  d ischarge c u r re n t , f o r
10 —3p — 4 t o r r  shorn in  f ig u r e  3 ,2 , 1 ,  A va lu e  o f np % 5 x  10 t o r r  era 
occurs fo r  a c u rre n t ^ 20 mA a t 4 t o r r ,  and a c u rre n t ^ 80 mA a t 1 t o r r .
Thus the h ig h e r  p ressure  curve (p — 4 to r r )  in  f ig u re  3 .2 ,1  is  s tro n g ly  
in flu e n c e d  by c o n s tr ic t io n  w h ile  the lo w er p ressure  curve (p =  1  t o r r )  is  
n o t. Th is  c o n s tr ic t io n  was v is ib le  in  experim ents ; the d ischarge ra d iu s  
was V 80% o f the tube ra d iu s  a t 4 t o r r  and 50 mA, Thus the a p p lic a t io n  
o f e q u a tio n  ( 3 ,2 ,1 )  to  the h ig h e r  p re s s u re  case is  n o t a p p ro p r ia te ,
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In  f ig u re  3 .2 .2 ,  the in f lu e n c e  o f re  com bination ( i e  plasma 
c o n s tr ic t io n )  is  im p o rta n t a t  va lues  o f  Ip  80 mA t o r r ,  as d iscussed  
above. In  th is  case the e f fe c ts  o f v a ry in g  E/p may a ls o  c o n tr ib u te .
Tire com bination o f the e f fe c ts  o f E/p v a r ia t io n  and c o n s tr ic t io n  are  
d i f f i c u l t  to  p re d ic t  t h e o r e t ic a l ly  and i t  is  fo r tu ito u s  th a t  the io n  peak 
h e ig h t v a r ie s  w ith  gas p ressure  ap p ro x im ate ly  as p re d ic te d  by e q u atio n
( 3 , 2 . 1 ) .
The v a r ia t io n  in  io n  peak h e ig h t \\r ith  gas f lo w  ra te  in  f ig u re  3 .2 .3  
shows less  than  50% decrease between 0 .2  & s  ^ and 1 ,3  & s Th is  may 
be e x p la in e d  by the g r e a te r  change in  gas com position o cc u rrin g  a t the 
slow er f lo w  r a t e ,  and th e  r e s u lt in g  low er E/p a t  w hich the d ischarge ru n s ,
In  th is  case, i t  w ould appear th a t  the decrease in  n^ r e s u lt in g  from  the  
r is e  in  E/p as f lo w  in crease s  outweighs the in c re a s e  in  e le c tro n  tem perature  
in  a f fe c t in g  the p o s it iv e  io n  w a ll  c u rre n t. Thus the io n  c u rre n t decreases 
w ith  in c re a s in g  flo w  ra te  and E /p , The degree o f d ischarge c o n s tr ic t io n  
is  assumed to be ap p ro x im a te ly  independent o f gas flo w  r a t e ,  a lthough  
the a x ia l  e le c tro n  d e n s ity  n^ v a r ie s  w ith  E/p , as d iscussed.
Tire v a r ia t io n  o f  t o t a l  ion  c u rre n ts  to  the mass sp ectro m eter w ith
d ischarge c u r re n t , gas p res su re  and f lo w  r a te  d iscussed above in d ic a te s
the need f o r  care in  the a n a ly s is  o f  the dependence o f  in d iv id u a l  io n  
c o n c e n tra tio n s , determ ined frcm  the mass spectrum . F o r exam ple, a study  
o f  the e f f e c t  o f v a ry in g  d ischarge c u rre n t on the mass spectrum  w i l l  n o t  
o n ly  c o n ta in  in fo rm a tio n  on the r e la t iv e  changes in  io n  peak h e ig h ts , bu t
a lso  the v a r ia t io n  in  t o t a l  ion  c u rre n t to the mass sp e c tro m e te r, as shown
in  f ig u r e  3 ,2 ,1 ,  The a n a ly s is  is  s im p l i f ie d  by n o rm a lis in g  the peak h e ig h t  
of in d iv id u a l  io n  peaks to  the t o t a l  io n  c o n c e n tra tio n . Thus a p a r t ic u la r  
ion  currentg i s  norm alised  by
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, . i . (measured)
i .  (n o rm alised ) ~  ( 3 ,2 ,3 )A x v 'tc ra i)
In  th is  way o n ly  r e la t iv e  changes in  ion  peak h e ig h ts  are cons idered . 
Th is  procedure o f  a llo w in g  fo r  v a r ia t io n s  in  the e f f ic ie n c y  o f the io n  
source is  adopted by alm ost a l l  w orkers in  the f i e l d  o f  io n  sam pling  
from gas d isch arg es ,
3 ,3  THE WALL SHEATH
The p rev io u s  s e c tio n  suggests t h a t ,  when charged p a r t ic le  loss is  
g re a te r  by volmne recom bination  than by am bipo lar d i f f u s io n ,  c o n s tr ic t io n  
o f the plasma w i l l  p rec lu d e  the fo rm a tio n  o f  a w a l l  sh ea th . In  o rd e r  
to produce c o n d itio n s  re p re s e n ta t iv e  o f con ven tio n a l a x ia l  f lo w  COg la s e r s ,  
w h ile  av o id in g  the regime o f  h ig h  c u rre n t and p ressu re  where volume 
recom bination  leads to  c o n s id e ra b le  c o n s tr ic t io n  ( I  > 20 mA, p > 20 t o r r )  
m ost experim ents have been perform ed a t r e la t iv e ly  low c u rre n ts  (v  10 mA) 
and a t pressures up to 20 t o r r .  The e x p e rim e n ta l evidence th a t ions are  
sampled through a w a ll  sheath  is  d iscussed . Th is  in d ic a te s  th a t  am bipo lar 
d if fu s io n  is  im p o rtan t in  d e te rm in in g  th e  charged p a r t ic le  r a d ia l  p r o f i l e .
The p o te n t ia l  across the sheath  c a lc u la te d  accord ing  to  e q u a tio n  ( 2 .3 ,2 )  
is  shown in  Table 3 ,1  to  be m 15-20 V , Assuming a sheath th ickn ess  of a 
few  Debye len g th s  (see Table 3 . 1 ) ,  an approxim ate average e l e c t r i c  f i e l d  
in  the sheath  o f v  300 V cm  ^ may be c a lc u la te d . Assuming, i n i t i a l l y ,  
th a t the low  f i e l d  m o b i l i t y  th e o ry  a p p lie s ,  then the d r i f t  v e lo c it y  v^^ o f 
p o s it iv e  ions is  g iv en  by
"Vat ' (3.3,1)
E is  th e  average e l e c t r i c  f i e l d  in  the sh eath  and is  th e  io n  m o b il i ty  
given  by eq u atio n  ( 2 .3 ,1 4 )  as
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0 .7 5  e X. / ni ^ in y  ---------------- i. - i  g -  1 3 .3 .2 )
c m  V
where A, is  the io n  mean p a th  (see Tab le  3 , 1 ) ,  m and m are the io n  and
1
n e u tr a l  gas m olecu le  masses r e s p e c t iv e ly  and .c  is  th e  average therm al 
v e lo c i t y  o f io n s , g iven  by (H asted  (1972) p35)
8 k  T
c , ( 3 ,3 ,3 )\Jïï
Taking  a gas te m p e ra tu re , T , o f 500K (T ab le  3 ,1 )  g ives c ' v 5 x l 0 ^ c m s ^ ,
w hich when s u b s titu te d  in t o  e q u a tio n  ( 3 .3 ,2 )  , w ith  m^ -  m  ^ and -  SO pm
a t 10 t o r r  y ie ld s  v  5 x  10^ cm  ^ V  ^ s {Brown (1959 ) p63 p rov ides  an
e x p e r im e n ta lly  determ ined v a lu e  o f  a, 23 cm^  V  ^ s  ^ fo r  mass 30 ions
3 3 - 1 - 1in  He gas at 760 t o r r ,  corresponding to  p^ v 2 x  10 cm V s a t 10 t o r r , }  
Thus fo r  a f i e l d  o f  300  V cm , e q u a tio n  ( 3 ,3 ,1 )  y ie ld s  a d r i f t  v e lo c ity  
o f V 10^ cm s ^ ; g re a te r  than the average therm al v e lo c i t y .  Hence the  
h ig h  f i e l d  m o b il i ty  th eo ry  discussed in  s e c tio n  2 ,3 .2  a p p lie s , and the  
sh eath  th ickness  and average s h e a th  f i e l d  are shovm fo r  th is  s i tu a t io n  
in  T ab le  3 ,1 ,
E vidence to support th e  e x is te n c e  of the w a l l  s h e a th  under co n d itio n s  
t y p ic a l  o f  cw CO^  la s e rs  (v  1 0  t o r r ,  1 0  mA, 1  cm ra d iu s  d ischarge tube) 
comes from  an a n a ly s is  o f the energy o f the ions e f fu s in g  from  the  d ischarge  
and e n te r in g  th e  mass s p e c tro m e te r. The en tran ce  o f the mass sp e c tro m e te r  
( i e ,  a t  the e le c tro n  em ission io n  source in  f ig u re  3 ,1 ,2 )  is  n o rm a lly  a t  
e a r th  p o t e n t ia l .  By a d ju s tin g  th e  p o t e n t ia l  a t th is  en tra n ce  a p e rtu re  to  
+V. , o n ly  ions o f  energy g re a te r  than ey can re a c h  th e  quadrupole ana lys in g  
re g io n  o f  the mass s p e c tro m e te r, l^ a ile  a l l  ions are tra n s m itte d  by the 
a p e rtu re  a t  -= OV p the low en erg y  ions are p ro g re s s iv e ly  excluded  from
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a n a ly s is  as V is  in c re a s e d . F ig u re  3 ,3 ,1  shows the  v a r ia t io n  o f  the NO 
ion  s ig n a l (th e  dominant species under the e x p e rim e n ta l c o n d itio n s ) a t  
the mass sp ectro m eter as V is  in c re a s e d . Ions are. sampled throxhfa a 
n e t a l i i  c o r i f ic e  which assumes the f lo a t in g  p o t e n t ia l ,  w ith  re s p e c t  
to the plasm a. The p o t e n t ia l  a t  the in s u la te d  probe in s e r te d  in t o  the  
discharge a t the sam pling p o in t  is  -?*20V w ith  re s p e c t to  e a r th . Thus 
ions leave the  d ischarge w ith  a, (V^ *> 2 0 ) v o lts  energy ( c f  f ig u re  3 . 1 . 2 , 
where V p rob e -e a r th  — + 30 v ) *  I
The io n  energy d is t r ib u t io n ,  f (E )  , a lso  sho\m in  f ig u r e  3 , 3 , 1 ,  is  
ob ta in ed  by d i f f e r e n t ia t io n  o f th e  io n  c u rre n t w ith  re s p e c t to re ta rd in g  
v o lta g e  (see s e c tio n  2 , 3 . 1 ) ,  Due to  c o ll is io n s  in  the sheath  v e ry  few  
ions g a in  the f u l l  sheath  energy eV^ (v20 eV , see T ab le  3 .1 )  and so on ly  
a s m all number o f  ions are found at 40V re ta r d a t io n .  Ions of low energy  
C< 20 eV) are those w hich  s u f fe r  a c o l l is io n  as they e ffu s e  from  the plasma, 
lo s in g  m ost o f  the energy they have gained in  the sh ea th . These ions  
o n ly  have the v20 eV energy due to th e  p o t e n t ia l  d if fe re n c e  between plasma 
and mass sp ec tro m e te r. The broadness o f th is  energy d is t r ib u t io n  is  an 
in d ic a t io n  o f  c o ll is io n s  dom inating the io n  energy in  th e  sheath .
I f  a p p re c ia b le  c o n s tr ic t io n  o f  the  plasm a were o c c u rr in g  under the  
co n d itio n s  o f  f ig u r e  3 , 3 . 1 ,  then a la y e r  o f  n e u tra l  gas m igh t be 
expected  between the plasm a and th e  sam pling o r i f i c e .  S ince the io n  mean 
f r e e  p a th  is  v80pm a t  1 0  t o r r ,  c o l l is io n s  between ions and gas m olecules  
in  th is  la y e r  w ould thexm alise  the  io n  e n e rg ie s . Thus, i f  c o n s tr ic t io n  
o ccu rred , th e  io n  energy d is t r ib u t io n  w ould be h e a v ily  b ia s s e d  to  low  
io n  e n e rg ie s .
F u r th e r  evidence fo r  the e x is te n c e  o f  an ion  sh eath  a t  the w a ll  comes 
from  a comparison o f  the io n  energy d is t r ib u t io n s .  F ig u re  3 ,3 ,2  shows
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tlxese d is t r ib u t io n s  fo r  th ree  cases. These correspond to c o n d itio n s  where 
the c r i t e r io n  fo r  volume recom bination  dom inating am bipo lar i f ;  as io n  
as a loss process (e q u a tio n  ( 3 , 2 , 2 ) )  is  n o t s a t is f ie d  (2 t o r r , 10 mA) , 
is  m a rg in a lly  s a t is f ie d  (10  to r r ,  10 mA) and is  e a s i ly  s a t is f ie d  (10 to r r ,
50 mA) , Due to th e  s e t t in g  o f  the probe -  mass spectro m eter (e a r th )  p o te n t ia l  
d if fe r e n c e ,  ions sampled a t  10 t o r r  re c e iv e  20 V a c c e le ra t io n  a f t e r  
e f fu s io n ,  w h ile  those sampled a t  2 t o r r  re c e iv e  only 8 V a c c e le ra t io n .
The s im i la r i t y  in  the  shape o f  the 2 to r r ,  10 mA and 10 to r r ,  10 mA 
d is t r ib u t io n s  in d ic a te s  th a t  th e  t r a n s i t io n  from  shea th -c o n t r o l le d  sam pling  
to sam pling through a n e u tra l  gas la y e r  in  a c o n s tr ic te d  d ischarge has 
n o t taken p la c e . However the d is t r ib u t io n  fo r  the 10 t o r r  50 mA 
co n d itio n s  is  b ia s s e d  towards the  loafer energy t a i l ,  as would be expected  
i f  most ions made c o l l is io n s  w ith  n e u t r a l  gas m olecules in  the undischarged  
gas surround ing  th e  c o n s tr ic te d  d isch arg e .
D ischarge c o n d itio n s  where a co n s id erab le  degree o f  c o n s tr ic t io n  
occurs ( Ip  > 200 mA t o r r )  have been avoided in  the d e te rm in a tio n  o f 
p o s it iv e  io n  species in  CO^  la s e r  d ischarges discussed in  ch ap te r 4, By 
o p e ra tin g  in  a regime where c o n s tr ic t io n  is  n o t an im p o rta n t in f lu e n c e  on 
ion  e f fu s io n  c u rre n ts , the  r e l i a b i l i t y  o f io n  sam pling is  im proved.
3 .4  THE ORiyiCE
The sam pling o r i f i c e  may take two forms depending on w hether the ions 
are sampled through th e  n a t u r a l ly  o c c u rrin g  w a l l  s h e a th , or the w a ll  
sheath  and io n  c u rre n t are m o d ifie d  by a p p lic a t io n  of p o te n t ia ls ,  h liere  
s ig n a l le v e ls  p e r m it , i t  is  p re fe ra b le  to  e x t r a c t  ions through an o r i f ic e  
in  the d ischarge w a ll at a p o te n t ia l  e q u a l to  th a t  o f  th e  w a l l  with re s p ec t  
to the plasm a a t  th a t  p o in t ,  ie, the f lo a t in g  p o t e n t ia l  This m inim ises
io n  lens e f fe c ts  and ion--m olecule re a c tio n s  caused by a c c e le ra t in g  the ion.:
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towards the  o r i f i c e  (see s e c tio n s  2 ,3 ,2  and 2 , 4 . 2 ) ,  w h ile  avo id in g  s ig n a l  
a tte n u a tio n  due to io n  re ta r d a t io n .  A ls o , sam pling a t rep res en ts  no 
d is tu rb an ce  to the n a t u r a l ly  o c c u rrin g  e le c t r ic  f ie ld s  and charged 
p a r t ic le  g ra d ie n ts  in  th e  d isc h arg e .
Sam pling a t  the n a tu r a l  w a l l  p o t e n t ia l ,  may be ach ieved  e i t h e r  
by using a d ie le c t r ic  o r i f i c e  in  the d ischarge w a ll  o r  by sam pling through  
an o r i f i c e  in  a sm all m e t a l l ic  d is c , a llow ed  to  assume the w a l l  p o t e n t ia l .
Both methods have been employed in  the p re s e n t work and t h e i r  perform ances  
are discussed in  th is  s e c tio n .
The m e t a l l ic  o r i f i c e  employed in  the io n  sam pling experim ents  is  a 
lOOjim d iam eter p in h o le  in  the ce n tre  o f  a 3mm d iam eter n ic k e l  d is c . The 
th ickness o f the d is c  is  40 pm, and i t  is  f ix e d  to  a P yrex s u b s tra te  (p a r t
o f the d ischarge tube w a l l )  by means o f T e d ik its  E7 epoxy adhesive . The
d ie le c t r ic  o r i f i c e  is  a p in h o le  o f  ^120pm d iam eter blown in  a sm all dome 
in  the P yrex  d ischarge tube w a l l .  I t  is  'vSOOpm in  le n g th . The s u rfac e
o f  the g lass a t the re a r  o f  eacli o r i f i c e  type is  alum inium  coated to
p re v e n t accum ulation o f  space charge.
As a consequence o f  the co n s id erab le  le n g th  o f the d ie le c t r ic  o r i f i c e  
( le n g th  4 X d iam eter) i t  m ig h t be expected  th a t  ion-'mol e cule re a c tio n s  
and s c a t te r in g  o f l ig h t  ions w ould occur in  the o r i f i c e  tu b e , as d iscussed  
in  s e c tio n  2 ,4 ,3 ,  However comparison o f  s p e c tra  o b ta in ed  w ith  th is  
o r i f i c e  and those o b ta in e d  w ith  the  m e t a l l ic  o r i f i c e  ( le n g th  v  0 ,4  x  d iam eter)  
f o r  the same c o n d itio n s  shows good agreement (see f ig u re  3 , 4 , 1 ) ,  The 
s l ig h t  d is c re p an c ie s  betx^reen the s p e c tra  o f  f ig u r e  3 ,4 ,1  can be ad eq u ate ly  
e x p la in e d  in  terms o f u n c e r ta in t ie s  in  f lo w  r a t e ,  p re s s u re , c u r re n t , 
p o te n t ia l  s e tt in g s  and w a te r  vapour im p u r ity  c o n c e n tra tio n . These u n c e r ta in t ie s  
lead  to  a d a y -to -d a y  v a r ia t io n  o f  ^  15% in  the io n  peak h e ig h ts  observed  
fo r  s im i la r  e x p e rim e n ta l c o n d itio n s .
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^  30 22 27 44 45
F ig u re  3 .4 .1  P o s it iv e  ion  mass s p e c tra  o b ta ined  from a 10 t o r r ,  10 mA 
discharge in  a 6 -1 2 -8 2 ,  gas m ix tu re . Upper t r a c e - j i i c k e l
sam pling o r i f i c e ;  low er tra c e  -  P yrex  o r i f i c e .  Ions are H „0 ‘ (mass 19) 
NO^ (mass 30) , 0^^ (mass 32) , H„0'^ (H„0) (mass 37), COp* (mass 44) , 
and HCO„^ (mass 45) .
A l l  io n  species o ver the r e la t iv e ly  sm all range o f in t e r e s t  (1 5 -6 0  amu) 
have s im i la r  masses and they may be assumed to have s im i la r  s c a t te r in g  
c ro s s -s e c tio n s . Thus th e  e f f e c t  o f  io n  s c a t te r in g  by n e u t r a l  species  
in  the o r i f i c e  v i c i n i t y  w i l l  n o t le a d  to  undue d is c r im in a t io n  ag a in s t any 
of th e  io n  sp ec ies . A lso th e  io n -m o le c u le  re a c tio n s  o c c u rrin g  in  the  
sam pling o r i f i c e  x-riLll, in  the absence o f  h ig h  e le c t r i c  f ie ld s  in  th is  re g io n ,  
be id e n t ic a l  to those o c c u rrin g  in  the b u lk  plasm a s in ce  the two environm ents  
are s im i la r .  P o s s ib le  endoerg ic  io n -m o le c u le  re a c tio n s  (eg d is s o c ia t iv e  
charge t ra n s fe r )  would o n ly  occur in  h ig h  e le c t r ic  f i e l d  g ra d ie n ts  and 
th e re  is  no evidence o f  these in  observed mass s p e c tra .
Thus, d e s p ite  i t s  c o n s id e ra b le  le n g th , the  use o f the  d ie le c t r ic  
o r i f i c e  y ie ld s  s im i la r  s p e c tra  to a th in  m e t a l l ic  o r i f i c e .
The s im i la r i t y  o f  a b iassed  m e t a l l i c  o r i f ic e  to  a Langmuir
121
probe may be e x p lo ite d  to  y ie ld  in fo rm a tio n  on the sam pling co n d itio n s  
p r e v a i l in g  in  the d isc h arg e . F ig u re  3 ,4 ,2  shows th e  v a r ia t io n  o f t o t a l  
p o s it iv e  io n  c u rre n t to  the mass sp ectro m eter as a fu n c tio n  o f v o lta g e  
a p p lie d  to  the o r i f i c e  (measured w ith  re s p e c t to  the p lasm a). The shape 
o f th is  type o f c h a r a c te r is t ic  has a lre a d y  been discussed in  s e c tio n  
2 ,4 ,1 ,  No io n  s a tu ra t io n  re g io n  is  observed b u t a decrease in  s lope o f  
the c h a r a c te r is t ic  is  observed a t  "Y -  — 15V , Assuming t h a t ,  in  the absence 
o f sheath expansion (see s e c tio n  2 , 4 , 1 ) ,  the io n  c u rre n t would sa tu ra te , 
a t th is  v a lu e  o f  p o t e n t ia l ,  then the f lo a t in g  p o t e n t ia l  o f the sam pling probe 
w ith  re s p e c t to  th e  plasma is  -  -  15V . Th is  is  in  agreement w ith  the  
approxim ate v a lu e  c a lc u la te d  from e q u a tio n  ( 2 ,3 ,2 )  and g iven in  Tab le  3 ,1 ,  
Hence the b ia sse d  m e t a l l ic  o r i f i c e  can be used to  e x p e r im e n ta lly  e s tim a te  
the sheath  v o lta g e ,a n d  the agreement between the . .m e n t a l  and ca^cu] 
values in d ic a te s  t h a t  th e re  a re  no s e rio u s  e l e c t r i c  f i e l d  d is to r t io n s  
crea ted  by th e  sam pling o r i f i c e .
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CHAPrm FOUR
POSITIVE ION PROCESSES IN  THE POSITIVE
COLUMN OF CO LASER ELECTRICAL DISCHARGES 
(Reproduced from  ’ The J o u rn a l o f  Chem ical 
P h y s ic s ’ , V o l 67? p p 1594-'l604)
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Positive ion processes in the positive column of CO, laser 
electrical discharges
A. L  S. Smith and H. Shields
Department o f Physics, University o f  St. Andrews, St. Andrews, Fife K Y I6  9SS, Scotland 
(Received 18 October 1976)
A  mass spectrcmetric study of the positive ions in the positive column of dc glow discharges in pure CO, 
and CO, gas laser mixtures has been undertaken to determine the nature of the ions and to elucidate the 
ion kinetics. Results arc presented over the ranges 2-20 torr, 3-15 mA cm "’ and for reaction times of 
0.1-1,Os. The nature of the dominant ion species is dependent on the minority neutral species produced in 
the discharge. O , is the major species in pure C O „ but NO'*' accounts for >  70% of the positive ions in a 
6% CO,-1 2 %  N ,-8 2 %  He laser mixture and ions of the H ,0 ^ . (H ,0 )„  type ( n = 0 ,  1, 2) become - 
important in C O ,-N ,-H e -H , laser mixtures. A  semiquantiative reaction kinetic modci is developed to 
explain the formation of these ions and to aid predictive modelling o f other CO , laser systems.
I N T R O D U C T I O N
The CO2  laser is important because it can convert 
electrical energy to pulsed or cw infrared radiation with 
greater than 10% efficiency in high power devices. V a ri­
ous other gases are added to the COg to improve laser 
performance and allow devices to be operated with 
sealed-off gas mixtures. The resulting plasma reaction 
kinetics, gas vibrational collision processes and 
charged particle physics are sufficiently complicated to 
necessitate the use of computer models to obtain de­
tailed insight into the effects of the various processes 
and to perm it device optimization.
Recent models^"® have emphasized the effect of elec­
tron and ion processes on the discharge E /P  (the ratio  
of electric field to gas pressure) (and hence on the de­
vice output power, etc. ) and on the discharge stability. 
Accurate models for systems where several species of 
positive and negative ions are present require knowl­
edge of the abundance of each ion type.
Several workers have studied the positive ions in glow 
discharges in COg using mass spectrometric techniques. 
Thus Evans and Jennings'' and Schildcrout et a l.^  have 
found Og to be the dominant ion in r f  discharges in COg 
at pressures of 1 -2  to rr . Dawson and Ticknei*® have 
analyzed the ions in dc discharges in COg at even lower 
pressures and Austin and Smith^“ have sampled the ions 
through the cathode of a dc glow discharge in COg at up 
to 4 to rr .
Typically COg lasers either work with cw discharges 
in the 1 0 - 2 0  to rr  region or with pulsed excitation at at­
mospheric pressure or above. Likewise pure COg is not 
used, the commonest mixture being one of COg-Ng-He. 
The only ion mass spectrometry of COg-Ng-He systems 
has involved sampling from  the cathode region of a dc 
discharge. Austin and Smith^° sampling through the 
cathode found the dominant ions to be CO* and Og in dis­
charges in flowing COg-Ng-He at up to 9 to rr  total pres­
sure and Tannen el a l. "  sampling from  "near” the cath­
ode in static COg-Ng-He at up to 8  to rr found tlie domi­
nant ion to be NO*. No sampling from  excitation d is­
charges has been reported at higher pressures, nor has 
there been any reported work on the species in the posi­
tive column of a COg-Ng-He mixture. It  should be em­
phasized that sampling from  the positive column, as
opposed to sanipling from  at or near the cathode or 
anode, is important since it is the positive column 
which provides the stable laser excitation medium.
The addition of sm all amounts of hydrogen has been 
found to be beneficial in reducing the long-term  degree 
of dissociation of COg in sealed-off, low pressure, cw 
COg lasers. This has been shown by Smith and 
Browne to be due to enhanced reformation of COg by the 
reaction OH + CO — COg + H.
We have assembled a mass spectrometric system to 
directly sample the positive ions from the positive col­
umn of a dc glow discharge in pure COg and in 
COg-Ng-He and COg-Ng-He-Hg mixtures. We have 
been able to obtain good spectra for pressures up to 2 0  
to rr . Thus our results can be compared with previous 
work on dc discharges at lower pressures in pure COg 
and can be directly used without any extrapolation to 
provide quantitative information for low pressure cw 
discharge lasers and laser models.
A ll the ion results are presented and expressed as a 
percentage of the total ion population; this is necessary 
because of an overall changing efficiency of sampling 
with several parameters, especially the total gas pres­
sure. This leads to no ambiguity since the total ion 
density can be determined from  the measured discharge 
current and known d rift velocity. No corrections have 
been made to the ion peaks to allow for changed sensi­
tiv ity  of the sampling and spectrometer with ion species 
since no standard or reliable technique is available for 
malting such a correction. But the mass to charge 
range covered is not large and there is some internal 
evidence to suggest that the errors  involved are not 
large.
E X P E R I M E N T A L
Figure 1 shows the experimental system used for both 
positive ion and neutral particle sampling. The dis­
charge tube is 20 cm long, 2 cm internal diam eter Py­
rex, with a Pyrex sampling pinhole (120 pm diam) lo­
cated approximately halfway along its length. Particles  
sampled by this pinliole are collimated by a second, 
metallic pinliole ( 1  mm diam) before analysis by a "V -G  
Quadrupoles” QBK quadrupole mass spectrometer.
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FIG. 1, System for mass spectrometric sampling and analysis of positive ions from the positive column of a dc glow discharge 
(not to scale).
The use of a differential pumping system allows oper­
ation of the discharge tube at pressures of several tens 
of to rr whilst the mass spectrometer chamber pressure 
Is < 1 0 '® to rr.
The molecular or Ionic beam Is modulated with a v i­
brating vane chopper (Brookdeal 9478, 110 Hz) and tlie 
output from  the anode of the electron m ultip lier of the 
Q 8 K Is amplified with a Keithley 428 current am plifier 
and phase sensitive detected (Brookdeal 9501) at the 
beam chopping frequency. For most of the neutral 
spectra and for the larger Ion peaits the Improvement 
In the signal to noise produced by the lock-ln am plifica­
tion was unnecessary; and the output of the electrometer 
was either d irectly observed on an oscilloscope display 
unit or recorded on an X - Y  plotter.
Premixed technical grade gases were used, and no 
attempt was made to remove any Im purity water vapor; 
thus the gases are typical of those which might be used 
to f i l l  a laboratory COg laser.
Several details of the gas sampling should be noted. 
F irs tly , It Is necessary to use a power supply with less 
than 0 . 1 % ripple to avoid an ac component, at mains 
frequency, in the Ion pealc amplitudes due to fluctuations 
in the potential at the sampling pinliole.
hole there should be no asymmetric electric fields which 
could deflect them. Thus the high vacuum side of the 
glass sampling pinhole Is coated with a layer of alum i- i 
num such that Ions are at earth potential and can be S 
drawn to the mass spectrometer by the potential applied 
to the secondary pinliole. This secondary m etallic p in- , 
hole Is electrically Isolated from  earth and in order 
that It have no defocuslng effect on the Ion beam, a : 
cylindrical grid Is used to provide a field free d rift r e -  '■ 
glon near tills pinhole. Positive Ions travel along the 
axis of this cylinder which Is electrically connected to 
the metallic pinliole.
Finally, signal re liab ility  can be Improved by careful i 
control of sampling potentials. The axial potential In 
the discharge tube Is monitored using an Insulated probe 
connected to earth via a high Impedance digital voltrae- rj 
te r. The potential read by this meter Is that between 
the tube axis and the entrance to the Intermediate cham-l 
ber (earth). Malting tiie axis positive (OF— +30F) with ; 
respect to earth assists In obtaining stable, repeatable 
mass spectra. The current drawn by this probe Is much 
less t i l  an the discharge current. Additionally, a sm all - 
negative bias (OF— -  IG F) applied to the secondary p in- ' 
hole has the effect of pulling ions across the interm edi- ■ 
ate chamber towards the mass spectrometer. ;
Secondly, when Ions effuse through the sampling p in- These refinements introduce rio changes In the re la -
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tive pealc heights of the positive ion species; however, 
they allow the use of optimum resolution and sensitivity 
settings of the mass spectrometer and enable a day to 
day reproducibility of better than ±15%. With careful 
control of water vapor content, this reproducibility  
could be Improved.
A quantitative model of the kinetic processes leading 
to the production of the observed positive Ion spectra Is 
attempted in the discussion section below. This re ­
quires a knowledge of the positive Ion spectra as de­
tailed In the next section and also several other systems 
parameters: gas and electron temperatures together 
with neutral particle and negative Ion densities.
Measurement of the gas temperature Tg using a ther­
mocouple technique shows that fo r pure COg, Tg ~ 500 K 
(10 to rr, 10 mA), and for the other mixtures Investi­
gated Tg Is 400-450 K (10 to rr, 10 mA) increasing with 
gas pressure and discharge current. The electron tem ­
perature Tg has been calculated for various COg-Ng-He 
mixtures by Nlghaif^ and by Judd. It is estimated to 
be about 1 eV for the B /P ~  10 V  cm'^torr'^ In our ex­
periment.
M inority neutral species produced In the gas dis­
charge can be measured using the mass spectrometer 
with the Ionization source switched on. Values of the 
NO and Og concentrations are important In the theoreti­
cal analysis later. W ater vapor concentration Is mea­
sured with a hygrometer (MCM Model 600) at the gas 
Inlet, '
Finally, an estimate of the negative Ion density n. Is 
required to evaluate the importance of positive Ion and 
negative Ion recombination. Experimental determ ina­
tion of negative Ion densities fi'om an active discharge 
Is not possible with the existing apparatus. However, a 
comprehensive negative ion model Is available to the 
authors® which calculates negative Ion species densities 
In a pulsed atmospheric pressure discharge. This 
model has been adapted^® to low pressure discharges In 
the 1 -20  to rr region. CO3, NOg, and NOJ are predicted 
as the major Ion species; NOg dominates at the lower 
pressures (~1 to rr) for NOg concentrations of ^100  
ppm, but at higher gas pressures three body formation 
of CO3 from O’ Is considerable. CO detaches^^ from  0 “, 
and hence reduces the CO3  with a concentration depen­
dent on the amount of CO created in the discharge; ac­
tual values are estimated at the appropriate stî^es of 
the discussion section.
R E S U L T S
A. Pure C O g
' Figure 2 shows typical positive Ions In “pure’’ COg as 
a function of dlschai'ge current. Peaks have been iden­
tified as H3 O* (mass 19), Og (mass 32), COg (mass 44), 
and HCOg (mass 45). No appreciable clustering was
o  20
45
D I S C H A R G E  C U R R E N T .  ( m A )
FIG. 2 . Dependence of positive ion peaks on discharge current in a 10 torr COg discharge after 0 .25 s . F //>~ 8  V cm“* torr"^. o , i  
H3 O* (mass 19); o, Og (mass 32); # , COg (mass 44); A, HCOg (mass 45). ■ | |
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FIG. 3. Dependence of positive ion peaks on time spent in discharge for a G% COg—12%Ng- 
E//» ~10  V cm'* torr'*. □ , H3O* (mass 19); V, NO* (mass 30); o. Oj (mass 32).
He discharge at 10 torr and 10 mA.
observed at this pressure of 10 to rr . However at lower 
pressure the H 3O *' (HgO) (mass 37) ion was observed, 
constituting a few percent of the total ion signal. Under 
most conditions Og was the dominant ion, accounting 
for 50% to 75% of the total Ions present.
The Influence of water vapor contamination Is sug­
gested by the H3O*, and HCOg peaks. A hygrometer 
measurement of the HgO concentration at the gas Inlet 
gave a value of about 1 0 0  ppm.
B. 6 %  C O g - 1 2 %  N g - 8 2 %  He
Results of analysis of positive Ions In a typical gas 
laser mixture are plotted against tim e from  entry Into 
the discharge region until reaching the sampling point 
in Fig. 3, and versus total pressure In Fig. 4. These 
results are dominated by the NO* (mass 30) pealc at 
pressures above 4 to rr . Other Ions present are H 3O* 
(mass 19), Og (mass 32), and COg (mass 44).
The NO* Ion constitutes 70%-100% of the total Ion slg* 
nal at pressures above 1 0  to rr  (currents from  10-60  
mA and flow rates from  0.05 1 s '^ -0 .4  1 s'^).
C. 6 %  C O g - 1 2 %  Ng-1.5% H 2-80.5% He
Results for this gas mixture are plotted; in Fig. 5 
against time In discharge, in Fig. 6  with discharge
current, and In Fig. 7 versus total pressure. The 
spectra are now dominated under a ll conditions by the j
H3O* (mass 19), and the H3O* » (HgO) (mass 37) Ions. .
Other Ions are HgO* (mass 18), NO* (mass 30), Og 
(mass 32), HgO*» (HgO)g (mass 55), and N O *- (NO)
(mass 60). In addition, other sm aller peaks at masses ;
44 (COS), 45 (H C O ;), 48 (NO* • (HgO)), and 63 
(H3O* ' (COg)) were occasionally observed, always In 
concentrations <0.5%  of the total Ion signal. No evi­
dence of cluster Ions at mass numbers higher than 63 
was found.
D I S C U S S I O N
A. Pure C O g  ?
Results of previous experiments In pure COg have 
indicated a predominance of Og at COg pressures of a 
few to rr and less. Although Evans and Jennings, ’* and 
Schildcrout at a l.  ® sampled from  r f  glow discharges, 
ip  major qualitative discrepancy exists between their 
results and our measurements which were obtained un­
der dc glow discharge conditions, at higher pressures.
The Og is presumed to be formed by the charge exchange 
reaction® r
co;+O g-o;4 COg, (1)
where Og Is produced by dissociation of COg.^® The rate
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80
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O 20(t
T O T A L  P R E S S U R E  ( T O R R )
FIG. 4. Dependence of positive ion peaks on total dischai'ge pressure for a 6 % 0 0 2 —1 2 % N2—82% He discharge at 10 mA after 
0 .4  s. Q ,  HgO* (mass 19); V, NO* (mass 30); o , Oj (mass 32); m, 00% (mass 44).
60
40
w
w
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T I M E  I N  D I S C H A R G Ï
FIG. 5. Dependence of positive ion pealcs on time in discharge for a 1.5% H2- 6 % 0 0 2 - 1 2 % N2-80.5% He discharge at 10 torr and
1Ù m A . rw A V  r>m"t n f-rv\naa 1 ."S. r^+ t__________ V. __ ..A * .
0'60*4
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FIG. 6 . Dependence of total 
positive ion peaks on discharge 
current for a 1. 5% Hg—6 % 
0 0 2 - 1 2 % N2- 8 0 . 5% He dis­
charge at 10 torr. E /p  
~ 8  V cm”‘ torr"*, discharge 
time ~ 0 . 8 s . ♦, HgO* (mass
18); o, H3O* (mass 19); V,
NO* (mass 30); o, Og (mass 
32); # , HgO*' (HgO) (mass 37); 
T, H3O* ' (HgO)g (mass 55);
A,  NO** (NO) (mass 60).
D I S C H A R G E  C U R R E N T  ( m A )
constant of Reaction (1), feg, is given by Fei'guson^® a? 
5 x 1 0 "^  ^ cm® s"^  and this reaction w ill remove COg faster 
than positive ion-electron recombination®® when theré 
is more than 0 . 0 1 % Og present.
The COg ion is produced by electron impact ioniza­
tion,
e+COg-CO;+2e , (2)
so that this ion w ill increase with increasing current. 
However since dissociation of COg into CO and O also 
occurs by electron impact and the degree of dissocia­
tion increases with current, the COg pealc begins to 
decrease as Reaction (1) becomes increasingly effective 
with more Og being produced. The increase in the Og 
with current is s im ilarly  explained by the increased 
abundance of Og produced by COg dissociation.
The electron impact ionization of Og has a s im ilar  
rate constant to that for COg. However, in the condi­
tions of the experiment, less than 1 % Og is produced 
and the direct production of Og by ionization is not com­
parable with the charge exchange process (1 ).
Carbon monoxide and atomic oxygen are produced in 
the discharge by dissociation of COg. No charge ex­
change process is known to exist to produce CO* or O* 
from  the ion species present, so CO* and O* can only be 
produced by electron impact ionization. However, 
these ions are rapidly removed by the charge exchange 
reactions
co*+cog-co;+co, (3)
and
J, Chem, Phys., Vol. G', Nn. 4, 15 August 1977
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T O T A L  P R E S S U R E  ( T O R R )
FIG. 7. Dependence of positive ion peaks on total discharge pressure for a 1. 5% IIg-6 % COg-12% Ng-80% Ho discharge at 10 torr 
after 0 ,4 s .  o , HgO* (mass 19); V, NO* (mass 30); o , Oj (mass 32); H3 O* ' (HgO); (m ass 55).
o * + c o g - o ; + c o , (4)
where^® = 1 . 1 x 1 0 '® cm® s'^ and ^ 4  = 1 . 2 x 1 0 '® cm® s“^ . 
Since these loss rates are much faster than the corre­
sponding ionization rates producing CO* and O*, these 
ions are not observed. Reaction (4) is not an important 
source of Og compared with Reaction (1), even tiiough 
the ionization rate constant of O is s im ilar to that of 
COg, because in our system the concentration of O is 
very much less than the concentration of COg.
Three possibilities exist which could explain the pro­
duction of HgO*; these are
H; + H gO -H gO *+H g, (5)
HgO* + HgO-HgO* + OH , (6)
HCO; + HgO -  HgO* + COg . (7)
Reaction (5) can be immediately dismissed since there 
is insufficient hydrogen present to produce Hg in the 
reaction®*
No reaction has been found in the literature  to satis­
factorily explain the production of HCOg, which appears 
in the positive ion spectrum. The authors suggest
co;+HgO -Hco;+oH (9)
as the source of HCOg. This is based on literature va l­
ues of the rates of the reactions
CO; + Hg-HCO;+H ,
o:+H,-Ho:+H
(10)
(11)
H ;+ H g -H ;+ H . (8 )
The rate constant of (7) has been measured by Betowski 
et (zf.®® and was found to be 3x10'® cm® s'*, while F e r­
guson*® reports a value of 1.7x10'® cm® s'* for Reac­
tion (6 ). This means that the production channels of 
HgO* w ill depend on the relative concentrations of HgO* 
and HCOg. As can be seen from  Fig. 2, only HCOg ap­
pears in any significant amount; and since Re­
action (7) is suggested as the source of HgO*.
Fehsenfeld et aZ.®® have measured kiQ to be 1.4x10'®  
cm® s'* and to be <10"** cm® s'*. If  corresponding : 
reactions exist between these ions and HgO (where the 
H -O H  bond is broken instead of tlie H -H  bond) then the i 
considerably faster reaction involving COg would explain' 
the appearance of HCOg, while the nonappearance of 
HOg would be due to a slower reaction rate constant.
If  HCOg is produced by Reaction (9) and lost in Reac- ■ 
tion (7) then in the steady state, ;
[HCo;]=/eg[co*]A,. (12);
Figure 2 shows that [HCOg] ~[CO|], so that /eg ~ 3x10'® ■
cnr s 
above.®®
This value is s im ilar to that reported for fcio
Ion production in COg then proceeds by tlie foUowing 
channels:
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O,
CO,
co;:
H,0
Hco; H,0 •H,0"
Loss of Og and H 3O* w ill be by electron®”'®^  and negative
ion^ ® recoiTibination; diffusion losses are about 1 0  times
less important at the pressure of 1 0  to rr .
With consideration of the appropriate loss reactions, 
some semiquantitative insight into the plasma chemistry 
can be gained. These reactions are
( % + g -O + O , (13)
HgO^+e-HgO + H
-H g  + O H , (14)
A % B '- A  + B .  (15)
Assuming a dependence for Reactions (13) and 
(14) (where is the electron temperature), from  Ref.
2 0  one can obtain these values for the rate constants: 
/ji3 = 4 x 1 0 ~® cm® s"^  and = 3x10"'' cm® s"\, Positive 
ion-negative ion recombination has been little  studied, 
but based on values for O ' (see Ref. 25) one can esti­
mate * 1 5  as ~ 4 x l0 ' ’  cm® s" .^
From  Eq. (2) fo r the ionization production of COg and 
Eq. (1) for its charge exchange loss,
(16)[CO;]=/%[COg]Ai[Og] ,
where is the electron density, 
(1), (13), and (15);
LUcewise from  Eqs.
[Cg] “ /’?i[C02][0g]/{figkis +nji\z) • (17)
Thus with the knowledge of the appropriate rate con­
stants, the electron and negative ion densities and the 
neutral species concentrations the positive ion concen­
trations should be calculable. The neutral species con 
centrations are either known (as in the case of [COg]) 
or can be measured (as we have done for [Og]), rig can 
be calculated from  the discharge current and d rift ve­
locity^® but kzi the ionization rate, is a very rapidly 
vai'ying function of the discharge reduced field {E /P ) 
and electron temperature Tg, However, relative pealc 
heights can be estimated; thus from  (17) one has
[o;i _ _ M O s L _
[CO3 J
and from (9), (12), (14), and (15) one has 
[H3 O+] A’o[HgO]
[COgJ
(18)
(19)
In (18) and (19) the only unlcnown quantity is the negative 
ion concentration, ?j_. We have computed this from  an 
extensive negative ion model. ®’ ®^ Since several of the pa­
ram eters, especially n_, /^ g, and are not exact and 
the values of the charge exchange reactions etc. are  
those available for room temperature, not the some­
what higher temperature of the glow discharge, it is 
not appropriate to attempt an exact quantitative f it  to
the curves of Fig. 2. However, we may compare the 
situations at, say, 10 mA and 40 mA by substitution of ' 
the above quoted numbers, together with [HgO] as 100 
ppm (measured by hygrometry), [Og] as 2000 ppm at 10 
mA and 5000 ppm at 40 mA (measured by mass spec­
trom etry), Hg as 5x10® cm"® at 10 mA and 2x10^° at 40 
mA, n. as 5 x 1 0 ® cm"® at 10 mA and 2x10® at 40 mA 
(the negative ion value falls off witli increase in current 
because of the detaching effect of CO®*^®’ ’^ ). We find 
[O |]/[COg]~20 at 10 mA and ~70 at 40 mA, and [HgO*]/ 
[COg] ~ 25 at 10 mA and ~14 at 40 mA. Thus Og and 
HgO"^  are the dominant ions, with [H 3O*] falling and [0 |] 
increasing as the current increases, as is observed in 
the experimental results of Fig, 2.
B. 6 % 0 0 2 - 1 2 % Ng-82% He
The 6 % COg-12% Ng-82% He mixture studied here is 
typical of the gas composition used in low pressure, 
flowing gas cw COg lasers. Tannen et a l.  have sam­
pled positive ions from  a static 12.7% COg-1 5 . 5% Ng- 
71.8% He mixture in a region of the discharge near the 
cathode. They find NO* is the major ion at their pres­
sures of 1 -8  to rr  with Og, COg, O*, Ng and possibly 
CO* also present. No water vapor contamination is evi­
dent. In their experiments NO* talc es several seconds 
to establish itself as the major species. This delay may 
be due to diffusion of NO* from  the positive column of 
the discharge to the sampling point. Austin and Smitlf® 
have sampled ions directly through the cathode with 2 -9  
to rr  of a 6 % COg-12% Ng-82% He flowing gas mixture 
and found COg, Og, Ng, CO*, and HgO*. The corre ­
spondence between these species and the neutral gas 
suggests d irect electron im pact ionization in the high 
fields of the cathode region, with ion-molecule pro­
cesses of secondary importance.
Our results (Figs. 3 and 4) talten d irectly from  tlie 
positive column and w ell removed from  cathode influ­
ences show spectra which reflect the importance of 
minor quantities of NO produced in the discharge. Typ­
ically NO accounts for less than 0.1% of the gas m ix- 
ture^^ but, except at the lowest pressures (less than 4 • 
to rr), NO* dominates the positive ion spectrum. There 
are numerous reactions which could produce NO* in the 
dischai'ge, but of these, only three appear to be im por­
tant in the present case:
0 ;+ N 0 -N 0*+ 0 g  ,
CO;+NO-NO*+COg , 
e+N O —N0*+2e .
(20)
(21)
(22)
Ferguson^® gives tlie rates A’gg as 7 x 1 0 “^ ® cm® s"^  and 
/igi as 1 x 1 0 '^ ® cm® s"^ ; values of the ionization rate for 
Reaction (22) have been calculated as a function of E /P  
by Bletzinger et a l. ® The latter (avo reactions are only 
important at low pressure where the ionization rate 
constant is larger® or when there is a few percent COg 
present (Fig. 4). This higher percentage of COg is due to 
a lower value of [Og] at low pressure. Under most con­
ditions Reaction (20) accounts for the pi’oduction of NO*.
The effect of Reaction (20) can be seen in two ways. 
Figure 3 shows the tim e development of NO* where the
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gradual Increase in NO* is accompanied by a corre­
sponding drop in Og. This can be understood as due to 
more neutral NO being produced in the discharge as 
tim e progresses, so charge exchange with Og becomes 
more favorable. Figure 4, taken after a 0 .4  s dis­
charge time, shows the pressure dependence of the NO* 
signal. Mass spectrometry of neutral NO shows that 
although the relative percentage of NO w ill decrease as 
discharge pressure increases—from  about 75 ppm at 2 
to rr  to about 30 ppm at 20 to rr  (for a current density of 
2 ,6  mA/cm® and flow rate of 0 .08  1 s"^)— the absolute 
amount of the NO w ill increase. Thus there is an in­
crease in NO* accompanied by a drop in 0%. Since NO* 
undergoes no ion-m olecule reactions in the discharge, 
it  w ill be lost mainly by electron and negative ion re ­
combination.
The drop in HjO* in Fig. 3 is attributed to some dis­
sociation of HgO in the discharge, so Reactions (7) and 
(9) are slightly slower. Charge transfer between HgO* 
and NO is unlikely to occur since no obvious reaction 
channel exists, so HgO* is lost in electron and negative 
ion recombination.
Smith®'' has shown that [Og] produced in a 6 % COg~12% 
Ng-82% He m ixture increases as the pressure in­
creases. Thus we expect COg to be removed more 
rapidly by Reaction (1) as the pressure increases. 
However, as stated ea rlie r, [NO] also increases witii 
pressure and Reaction (20) rapidly forms NO* at the 
expense of Og. The net effect is a reduction of [Og].
Thus, in the 6 % COg-12% Ng-82% He m ixture, ions 
are produced by the following channels:
COo
C O :
NO •NO*
HCOp*- ■H,0*HgO
Accounting for the loss of NO* by positive ion-nega­
tive ion recombination [Reaction (15)] and
N 0 * + e - N  + 0 (23)
with the recombination rate®® A^gg = 7x10"® cm* s“^ , where 
a y - i / 2  dependence is again assumed, we get from  (15), 
(20), and (23)
[NO*] =W 03][N 0]/(M ,& 2, +«.fei5 ) . (24)
With the additional loss process (20) fo r Og, Eq. (17) 
becomes ' >
[o; (25)fet[co:][Og]+w,/i?j0 +/’2o[n O]
Knowledge of the amount of [NO] present under v a r i­
ous conditions enables the positive ion curves of Figs.
3 and 4 to be explained sem i-quantitatively. The com­
ments made about n ,, kis, and the tem perature varia ­
tion of rate constants in the case of pure COg s till apply; 
and once again an exact fit  to the curves is impossible. 
However, trends may be clearly illustrated.
From  Eq, (24) we have
[N 0*]_  /U N O ]
[Ogj*^  Hgkzz +n./i’i5 '
and from (19) and (25) we have
[H 3O*] _ feo[HgO](«.,frt3 +kjm])
” [Og] i^[02](»o/;i4 +n_/^ is)
(26)
(27)
The discharge current of 10 mA in Fig. 3 co rre ­
sponds to Hg = 5 x 1 0 ® cnî® . ' (for the d rift velocity given 
by Lowke et dl.®®). Taking [NO] as 25 ppm at 0 ,1  s and ' 
55 ppm at 1 .0  s (measured by mass spectrometer) to­
gether with n, as 5x10® ctÆ® .. (as before) we find 
[NO*]/[Og]~ 2. 5 at 0 .1  s flow time and ~ 5 at 1 .0  s flow 
tim e. In the 6 % COg-12% Ng-82% He laser gas mixture, 
[HgO] measured by hygrometer is 100 ppm, as for pure 
COg. Mass spectrometer measurements of [Og] give 
values of 0 . 6 % at 0 . 1  s and 1 . 1 % at 1 , 0  s which when 
substituted into (27) results in [H 3 0 * ] /[ 0 :]~  1 at both 
0 . 1  8  and 1 . 0  s.
S im ilarly  in Fig . 4, if we assume «  5x 10® cm"*
over the pressure range from  2 -2 0  to rr , then Eq.
(26) predicts [NO*]/[Og] = 1 .5  at 2 to rr  and. » 6  at 20 to rr . 
These ratios occur fo r a concentration of NO of 75 ppm 
at 2 to rr  and 30 ppm at 20 to rr . When 100 ppm of HgO 
and 1% Og are substituted into Eq. (27), together with 
the quoted values of ?i^ , and [NO], [H 3 0 * ] /[ 0 : ] » 0 . 4  
at 2 to rr and » 1 .2  at 20 to rr . An approximate calcula­
tion of diffusion tim e using a diffusion coefficient®® of 
20 cm® 8 "^  at 1 to rr  shows that, for the case of NO* and 
OJ, loss of ions by ambipolar diffusion is equal to loss 
in electron and negative ion recombination at 1  to rr, 
but a factor of 10 less at 10 to rr . It  is considerably 
slower in the case of H 3O*, where the electron recom­
bination rate is large. This correction makes [N O *]/ 
[O g]» l at 2  to rr .
These theoretically predicted ratios and the experi­
mental results presented In Figs. 3 and 4 are in good 
agreement. Theory predicts a gradual rise  in tlie 
[N O *]/[o :] ratio  as time progresses while [Og]~[H 3 0 *] 
at a ll times up to 1 s, as observed in Fig. 3. The con­
version of [Og] to [NO*] in Fig. 4 is reflected in Eq.
(26) by an increase in [NO*]/[Og] as pressure increases. 
The observed increase in [Hs0*]/[0:J is predicted by 
•(27).
C. 1.5% H g - 6 %  C O g - 1 2 %  Ng-80.5% He
The addition of 0 .1 - 0 .2  to rr  of hydrogen to the basic 
COg-Ng—He gas m ixture of low pressure cw lasers lim ­
its the loss of COg by dissociation and allows long life  
sealed operation. '®* Typically these devices work in 
the 1 0 - 2 0  to rr  total pressure region, so the amount of 
added hydrogen is between 0 .5  and 2 %; we have investi­
gated a mixture with 1. 5% added hydrogen.
Figures 5, 6 , and 7 show that the ion spectra are now 
dominated by H 3 O* and H 3O* • (HgO) with a significant 
contribution from  H 3 O* • (HgO)g. The most likely  reac­
tion sequence begins with tlie previously mentioned Re­
action (1 0 )
c o :+ H 2 -H c q :+ H ,
followed by Reaction (7), !
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HCO: + H gO - H3O* + COg , 
with the H 3O* being hydrated by
H3O* + HgO + M -  H3O* “ (HgO) + M  , (28)
with a s im ilar reaction to form  the double hydrate.
Equation (12) for the creation and loss of HCOJ is 
modified in order to allow for Reaction (10);
rrrro*! i^o[C(%][Hg]+A,g[CO:](;HgO] .i_Hcogj -  n â z n4^zO] 
and [H3O*] is given by
/^[HCO:l[HgO][H3 O*]: ilgkxi +A’2q[H20][M]
Provided [Hg] > [HgO], from (29) and (30) we get 
A’lofe][H3 O'] _________________ ^
[COg] iigkii +n_/?j5 + A?2B[H20][M]
(29)
(30)
(31)
[CO:] is too small to appear on Figs. 5, 6 , or 7; but 
at 10 to rr (and with the other conditions of Fig. 5) the 
ratio [H3 0 *]/[C 0 :] is about 250. Fehsenfeld et nZ. has 
measured Aqg as 1 x 10"® cm® s"^  and [Hg] is 6x10^® cm'®; 
thus the denominator in (31) should be ~ 2 x l0 ^  s'^. But 
+»-A’i 5 is only ~3xl0®  8 " \  so Z;2 Q[HgO][M] must be 
 ^ '“2x10'* s'* if Eq. (31) is correct. [HgO] is '”100 ppm 
and with [M ]= 4 x l0 *^  cm"®, /egg becomes 10"®^  cm® s'*. 
Good et nZ.®® have studied, the hydration reaction of H 3O*,
H 3 O* • (HgO)„ + HgO + M  -  H 3 O* • (HgO)„^i -f M  , (32)
and have found a rate constant for the forward reaction 
of 3 .4 x  10"®’ cm® s'* (n =0, M  = Ng, = 300 K). This 
agrees favorably with our derived value of 1 0 "®'' cm® s'* 
(«=0, M largely He, '“400-450 K). S im ilarly, the 
same authors obtain a rate constant of 2.3x10"®'* cm® s'* 
for the foiuvai'd reaction when n = 1. They evaluate the 
rate constants for the reverse reactions as 7 x 10"®® cm® 
s'* (« = 0 ) and 7x10"*® cm® s'* (» = ! ) ,  respectively, at 
300 K. Since the temperature dependence of the equilib­
rium constant is known, ®* we have calculated the rate  
constants of the reverse reactions at 400-450 K assum­
ing the forward rate to be approximately constant over 
the 300-450 K temperature range. We obtain 10"*'* to 
1 0 "*® cm® s'* (w = 0 ) and 1 0 "*® to 1 0 "*® cm® s'* (w = l )  show­
ing that H 3O* • (HgO)„ hydrates are unstable against ther­
mal dissociation of the cluster bond, and this instability  
increases very considerably with both the gas tem pera­
ture and the value of n.
Consider the formation and loss of H3 O* • (HgO) from  
Eq. (28);
[HgO*. (HgO)] Agg[HgO][M]
[H3O*] Hgkzi + F
where k^  ^ is the positive ion-electron recombination 
rate constant for H 3O* ' (HgO), ,given by Leu et nZ.®® as
2 x 1 0 '® cm® s'* at a gas and electron temperature of «
400-500 K. Assuming a T *^''® dependence, this gives '
A’ 3 4  as 6x10"'* cm® s'* at 1 eV. Y represents additional 
loss processes for H3O* ° (HgO): these include therm al 
dissociation of the cluster bond in H3O* • (HgO), the net 
formation of H3O* ■> (HgO)g by Eq. (32) when n = l, and 
diffusion. Substitution of the previously assumed values 
in Eq. (33) together with the derived value of and the 
above value of yields
[H3O* ' (HgO)] _ 1 .6x10*
Th^ 3xlO ® +2xlO ® +y
This ratio w ill have a maximum value of about 3 and 
w ill be less if Y is significant; from Fig. 5 we see the 
measured ratio is about 1 at 10 to rr . Also from Fig. 5, 
it can be seen tliat H3O* » (HgO)g is present in rather 
• small amounts, although from  Eq. (32), where for n = l ,  
[M ] = 4x  10*'* cm"®, and [HgO] = 4x  10*® cm"®, it w ill be 
formed at a considerable rate (contributing 4x10* to Y 
above). However, the reformation of H3O* » (HgO) by 
the therm al dissociation of the H3O* » (HgO); takes place 
at a comparable rate (the exact rate is uncertain be­
cause of the uncertainty in k.^z (« = 1 ) due to its rapid 
variation with gas temperature, as mentioned above).
Thus the net contribution of the formation of H3O*
• (HgO); to Y may not be great. The most likely ex­
planation for the calculated ratio being somewhat high
is that the therm al breakup of H3O* • (HgO) is significant. ■
Consider the results of Fig. 7; the ion variations with 
total pressure. At about 10 to rr  the value of [H 3 O*
• (HgO)]/[H 3 0 *] is explained as in the previous para- %
graph; as the pressure is decreased, [M ] in Eq. (32) ■ 
decreases, possibly Y  increases (with enlianced diffu­
sion), and possibly [HgO] decreases, so the ratio de- ;
creases as observed. A t higher pressures [M ] in­
creases, but the gas temperature increases with p res- " 
sure (for constant current conditions) and so therm al 
dissociation may be increased, F  increased, and the
ion ratio decreased. The behavior of the NO* and 0 |  is 
sim ilar to that described in the section above in the 
three part gas m ixture.
The results of Fig. 6  are explicable in a s im ilar  
manner. As the current is increased and as [HgO] is 
increased by neutral reactions, [H3O* - (HgO)]/[H30*] 
increases; but at high currents the gas temperature is 
increased and the value of F  should increase to reduce 
the ion ratio . It should be noted that the sm aller H3O*
• (HgO)g curve behaves in a s im ilar manner to the single 
hydrate curve, as would be expected with this explanation.
(33) CONCLUSIONS
In the positive column of a COg laser, the positive ion 
chemistry can be explained by the scheme
COo
CO:
HoO Ho
Oo o:
NO
•NO*
Hco: HpO HoO*-
M
HpO H3O*' (HgO)-
M
~Hp.O HgO* • (HgO)g
1604 A. L, S. Smith and H. Shields: CO; laser electrical discharges
In an in itially pure COg system there is dissociation 
of the COg and the dominant ion is O ;^ but in a COg-Ng- 
He mixture this is rapidly converted by reaction with 
NO—formed from the COg and Ng by the discharge— into 
NO*. However, if HgO or Hg is present, HgO* is formed; 
and if there is sufficient HgO, HgO* ' (HgO) and a lesser 
amount of HgO* • (HgO) 2  w ill also be formed.
This reaction scheme qualitatively explains the ob­
served behavior of the ion peaks over the pressure 
range 2 -2 0  to rr in the positive column of a flowing gas 
mixture and should describe the ion chemistry of the 
corresponding sealed system with appropriate adjust­
ment of the composition of the neutral gas.
Satisfactory quantitative agreement is obtained using 
established values for the various rate constants, e tc ., 
together with the determined values of rate constants 
of about 3x10"® cm® s'* for Reaction (9),
CO; + HgO-HCO:+OH ,
and 10"®'* cm® s'* for Reaction (28),
HgO* + HgO + M -  HgO* • ( HgO) + M .
Quantitative uncertainty arises because of lack of 
comprehensive values for electron-positive ion and 
positive ion-negative ion recombination coefficients 
and to a lesser extent the need to use theoretically cal­
culated values of and n. and the difficulty in quantita­
tively calibrating the mass spectrometer for ion pealcs. 
However, in practice the agreement between experi­
mental results and predicted behavior is surprisingly 
good, except for the situation with added hydrogen, 
where there is little  established data available about the 
formation and brealmp of water vapor clusters; there­
fore discussion and explanation of the experimental re ­
sults is somewhat restricted.
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DETERMINATION OF NEGATIVE IONS
IN  'COq • LASER- DISCHARGES
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5,1 INTRODUCTION
The p re s e n t l im i t a t io n  to the achievem ent o t h ig h  power o u tp u t trom  
compact la s e r  devices is  th e  onset o f plasma i n s t a b i l i t i e s  a t h ig h  in p u t  
power d e n s it ie s ,  as d iscussed in  chap ter 1 , The th e o rie s  o f  io n is a t io n  
and th e rm a l i n s t a b i l i t i e s  (s e c tio n  1 ,5 )  l in k  th e  s t a b i l i t y  o f  C0« 
la s e r  d ischarges to n e g a tiv e  io n  k in e t ic s  under co n d itio n s  where am bipo lar  
d if fu s io n  is  a n e g l ig ib le  charged p a r t ic le  loss mechanism. However, these  
th e o r ie s  s u f f e r  from  la c k  o f e x p e rim e n ta l d e te rm in a tio n  o f  the m ajor  
n e g a tiv e  ion  species p re s e n t in  the d isch arg e .
C once ivab ly , th is  knowledge could be p ro v id e d  by masS’-s p e c tro m c trio  
id e n t i f ic a t io n  o f  the  n e g a tiv e  io n s , as was perform ed fo r  p o s it iv e  ions  
in  chapters 3  and 4 , However th e re  are e x p e rim e n ta l d i f f i c u l t i e s  in v o lv e d  
in  measurement o f  n e g a tiv e  io n  cu rre n ts  e f fu s in g  from a dc glow d is d ta rg e . 
These d i f f i c u l t i e s  are d iscussed in  s e c tio n  5 , 2 ,  and methods o f  
c irc im iven ting  them are cons idered . I t  w i l l  be shoxvn th a t  such methods 
are not r e le v a n t  to  the 00^ la s e r  d ischarge a n a ly s is  and an a lte r n a t iv e  
means o f d e te rm in in g  n e g a tiv e  io n  d e n s it ie s  is  d e s ira b le .
S e c tio n  5 ,3  shows th a t  s u f f i c ie n t  d a ta  is  a v a ila b le  in  the l i t e r a t u r e  
to a llo w  the d e n s it ie s  o f  n e g a tiv e  ion  species to  be d e riv e d  c o m p u ta tio n a lly , 
This approach not o n ly  p re d ic ts  the m ajor n e g a tiv e  io n  species fo r  a 
p a r t ic u la r  la s e r  s i t u a t io n ,  bu t y ie ld s  th e  species d e n s it ie s  and tem poral 
e v o lu t io n  a f t e r  the  i n i t i a t i o n  o f the d isch arg e . C o n verse ly , the mass- 
s p e c tro m e tric  d e te rm in a tio n  o f  species  can on ly  g ive  r e la t iv e  c o n ce n tra tio n s  
o f io n  s p e c ie s , and is  u n l ik e ly  to have s u f f ic ie n t  tim e response to  fo llo w  
the development o f  ions on a s u b -m illis e c o n d  tim e s c a le . A d d it io n a l ly ,  
tire v e r s a t i l i t y  o f  the  co m p u tatio n a l approach a llow s i t s  a d a p ta tio n  to a 
v a r ie t y  o f  la s e r  s i t u a t io n s .  S e c tio n  5 ,3  g ives some g e n e ra l d e ta i ls  o f the
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com putational model w hich is  then a p p lie d  to the CO^  TEA la s e r  d ischarge  
in  chap ter 6 ,  and th e  EDGE d ischarge in  chap ter 7.
5 .2  mSS-SPECTROMETRIC MEASUREMENT OF NEGATIVE ION SPECIES
As w ith  p o s it iv e  io n s , the n a tu re  o f n e g a tiv e  io n  species p re s e n t in  
a gas d ischarge may he determ ined by m a s s -s p e c tro m e trie  a n a ly s is  as the  
ions e ffu s e  from the d is c h a rg e . The th e o ry  o f  p o s it iv e  io n  sam pling from  
gas d ischarge plasmas was e x te n s iv e ly  tre a te d  in  ch a p te r 2 , Much o f th is  
th eo ry  is  a p p lic a b le  to  n e g a tiv e  io n s , b u t th e re  are e x p e rim e n ta l 
d i f f i c u l t i e s  in v o lv e d  in  measurement o f n e g a tiv e  ion  cu rren ts  e f fu s in g  
from  a dc glow d ischarge plasm a, Tliese d i f f i c u l t i e s  a re  discussed beloxy. 
The th e o ry  o f  am bipo lar d if fu s io n  in  an e le c tro n e g a t iv e  plasm a has 
been d e riv e d  by Thompson (1959) and was discussed w ith  re le v a n c e  to  
p o s it iv e  io n  d if fu s io n  in  s e c tio n  2 ,2 ,2 ,  The p a r t ic le  f lu x e s  to  the  
dis charge w a ll are g iven  b y ,
A  = Vn„ -  ( 5 .2 .1 )
where F is  the  p a r t ic le  f lu x ,  D is  the fre e  d if fu s io n  c o e f f ic ie n t ,  p is  
th e  p a r t ic le  m o b i l i t y ,  n is  the  p a r t ic le  d e n s ity  and E^ is  the r a d ia l  
e l e c t r i c  f i e l d .  The s u b s c rip ts  - ,  and e r e f e r  to p o s it iv e  io n s , 
n e g a tiv e  ions and e le c tro n s  r e s p e c t iv e ly .  E lim in a t in g .E ^ , as in  ch a p te r 2 
y ie ld s
L  =  "  _
( 5 .2 .2 )
h  = -  M e ’ M
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The am bipo lar d if fu s io n  c o e f f ic ie n ts   ^ D , are g iven  
( l->Y -h2 ay ) C1-^  ap ^ 7 p ^  ) ■. 1
^a-3- C l^a y ) 11-3-p  ^ ( l-> a )/'P ^  ap^V p^jJ
p  ( 1  -a- Y  4- 2  a y  )
Dae =  %
(1  4- Y ^ Zgy) 1
1 + P^Cl^a)7p^ -3- op^7p^
( 5 . 2 , 3 )
v lie re  a =  n ^ n  and y is  th e  r a t io  o f  e le c tro n  to  io n  tem peratures
(T ^7T ^).
C a lc u la tio n s  o f  these am bipolar d if fu s io n  c o e f f ic ie n ts  and t h e i r  
v a r ia t io n  w ith  a , have been perform ed f o r  oxygen by Thompson (1959)
Cy -  16) and f o r  a 5 -1 5 -8 0 , m ix tu re  by B le tz in g e r  e t  a l (19 75)
Cy ~ 6 0 ) ,  The re s u lts  o f the l a t t e r  authors are  o f re le v a n c e  to  COg la s e r  
discharges and were p re v io u s ly  shown in  f ig u r e  2 ,2 ,2 ,  This f ig u r e  is  
reproduced as f ig u r e  5 ,2 ,1  f o r  convenience. I t  may be d iv id e d  in to  th re e  
regimes corresponding  to low , m oderate and h ig h  n e g a tiv e  io n  d e n s it ie s ,  
fo r  th e  purposes o f d isc u ss io n .
D+
F ig u re  5 ,2 ,1  V a r ia t io n  of am b ipo lar d if fu s io n  c o e f f ic ie n ts  w ith
a 5 —10—85 , CO^-^^-Ee gas m ix tu re  at 30OK and 10 t o r r  (as f ig u re  2
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g ■< 10  ^ (n^ «  n^)
Mien the n e g a tiv e  io n  d e n s ity  is  a p p re c ia b ly  less  than the e le c tro n  
d e n s ity , the plasma may be considered  to  be a p p ro x im ate ly  a p o s it iv e  io n -  
e le c tro n  plasm a. Thus as f ig u r e  5 ,2 ,1  shows and as was discussed
in  s e c tio n  2 ,2 ,  The n e g a tiv e  io n  am bipo lar d if fu s io n  c o e f f ic ie n t ,  
l a  'v 3  orders o f -magnitude s m a lle r  than and and th u s , not only
is. th e re  a low d e n s ity  o f  n e g a tiv e  ions b u t those p re se n t d if fu s e  s lo w ly
to the w a l ls ,  Tlius the c u rre n t o f  n e g a tiv e  ions e ffu s in g  through a
sam pling o r i f i c e  w i l l  be much less  than th a t  fo r  p o s it iv e  io n s ,
10~^ < g < 10^ Cn^ -  n J
Although the d e n s it ie s  o f p o s it iv e  and n e g a tiv e  ions are ap p ro x im ate ly
eq u a l in  th is  reg im e , the c o e f f ic ie n t  D is  s t i l l  % 100 tim es s m a lle r
than the corresponding c u rre n t o f p o s it iv e  io n s , and a h ig h ly  s e n s it iv e
mass—sp ectro m eter system is  re q u ire d ,
a > 10^ (n »  n )—— —  —  e
Such a plasm a is  e f f e c t iv e ly  composed on ly  o f p o s it iv e  and n e g a tiv e  
ions and is  t y p ic a l  o f  a h ig h ly  e le c tro n e g a t iv e  gas (eg S F ^ ), The 
la rg e  e le c tro n  am bipo lar d if fu s io n  c o e f f ic ie n t  re s u lts  in  a h ig h  d if fu s iv e  
loss o f e le c tro n s , so th a t  those e le c tro n s  n o t lo s t  in  the attachm ent 
process r a p id ly  d if fu s e  from  d is c h a rg e . P o s it iv e  and n e g a tiv e  io n  e ffu s io n  
cu rren ts  are ap p ro x im ate ly  e q u a l and mass—s p e c tro m e tr ie  a n a ly s is  o f  
n e g a tiv e  ions from  such a d ischarge  should  p re s e n t no p a r t ic u la r  d i f f i c u l t i e s  
The fo rm atio n  o f  n e g a tiv e  ions in  a d ischarge in  CO^  gas occurs by the  
re a c tio n
e 4. CO» > O"^  4- CO
The r a te  a t w hich th is  d is s o c ia t iv e  attachm ent proceeds depends on the T /:\ 
of the d ischarge (see s e c tio n  1 ,4 ) ,  Ho^vever, a c o n s id e ra b le  d e n s ity  o f
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e le c tro n s  must be p re s e n t in  a CO» la s e r  d ischarge s in ce  the e x c ita t io n  
o f the upper la s e r  le v e l  is  by e le c tro n  c o l l is io n  (s e c tio n s  1 .1  and 1 .3 ) .  
Thus a va lu e  o f a = 1 ( ie  n_^  % n^) may be reasonab ly  assumed fo r  a CO.^  
la s e r  d isch arg e . The low  am bipolar d if fu s io n  c u rre n t o f  n e g a tiv e  ions  
re s u lt in g  from th is  v a lu e  o f a (fro m  f ig u re  5 .2 .1 )  maices m a s s -s p e c tro m e tric  
n e g a tiv e  io n  d e te rm in a tio n  in  dc CO  ^ la s e r  d ischarges a d i f f i c u l t  ta s k .
F u rth erm o re , due to the m agnitude o f the  w a ll  sheath p o t e n t ia l  and 
i t s  re ta rd in g  e f f e c t  on n e g a t iv e ly  charged species (s e c tio n  2 ,3 )  only  
r e la t i v e ly  h ig h  energy n e g a tiv e  ions w i l l  be able to escape from the  plasm a. 
The m a g iitu d e  o f  the w a ll sheath  p o t e n t ia l  computed f o r  a t y p ic a l  CO.^-N»-He 
gas m ix tu re  is  v 15 -  20V (e q u a tio n  2 , 3 , 2 ) .  Tiius o n ly  n e g a tiv e  ions o f  
> 15 eV energy w i l l  e ffu s e  from the d isc h arg e . For a Boltzm ann d is t r ib u t io n  
o f io n  e n e rg ie s , w ith  an io n  tem p era tu re  approx im ate ly  e q u a l to  the gas 
tem perature the number o f  n e g a tiv e  ions ab le  to  p e n e tra te  the sheath  w i l l  be 
ex ce e d in g ly  s m a ll,  r e s u lt in g  in  an u n d e te c ta b le  io n  c u rre n t f o r  c o n v en tio n a l 
te c h n iq u e s .
The co n s id e ra tio n s  discussed above have v i r t u a l l y  e lim in a te d  the  
p o s s ib i l i t y  o f  d i r e c t  d e te rm in a tio n  o f  n e g a tiv e  ion  d e n s it ie s  in  dc plasm as. 
However o th e r  techniques have been developed w hich have enab led  mass- 
s p e c tro m e tr ic  m o n ito r in g  o f  n e g a tiv e  ions under c o n d itio n s  s im i la r  to 
those o f a dc gas d is c h a rg e . These techn iques have employed a fte rg lo w  
plasmas as the io n  source.
An a fte rg lo w  plasma^may be c re a te d  in  two ways, corresponding to  
pu lsed  and dc c o n d itio n s . F i r s t ,  t h e 's ta t jo n a ry  a f te rg lo w  is  produced in  
the decay o f a p u lsed  gas d is c h a rg e . At the te  nain at io n  o f  the  
e le c t r i c  f i e l d  w hich s u s ta in s  the d is c h a rg e , e le c tro n s  r a p id ly  d if fu s e  ftom
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the plasma by am bipo lar d i f f u s io n ,  s ince D I) D ( f ig u r e  5 . 2 . 1 ) . ^ r y ae a-4 a—
Thus as the  e le c tro n  d e n s ity  decreases the v a lu e  o f a in c re a s e s , w ith  
a corresponding  in c re a s e  in  p re d ic te d  by f ig u r e  5 .2 .1 ,  A lso , as 
the e le c tro n  d e n s ity  decays, so too does the w a ll  sheath  s in ce  th is  is  
m ain ta in ed  by th e  e q u a l i ty  o f  e le c tro n  and p o s it iv e  io n  cu rren ts  to  the 
w a l l .  Thus a co n s id e rab le  enhancement of the n e g a tiv e  io n  e f fu s io n  c u rre n t  
is  o b ta in e d . However th is  n e g a tiv e  io n  c u rre n t w i l l  be decaying  vdbh t im e .
F i t e  and R u th e rfo rd  (1964 ) , P u c k e tt e t  a l (19 71) and Sm ith and 
Plumb (1973) have employed the s ta t io n a r y  a fte rg lo w  techn ique to siv,dy 
n e g a tiv e  ions in  atm ospheric gases, oxides o f n itro g e n  and k ry p to n -  
oxygen m ix tu re s , r e s p e c t iv e ly .  Each group has observed a co n s id e rab le  
enhancement o f the n e g a tiv e  io n  s ig n a l (>100) as th e  e le c tro n  d e n s ity  
decays, In  a l l  cases r e s u lts  were re p o rte d  f o r  gas p ressu res  < 1 t o r r .
The second techn ique f o r  o b s e rv a tio n  o f n e g a tiv e  io ns  is  the flo w in g  
a f t e r g l g f . In  th is  case gas is  flow ed  through a d ischarge and is  observed  
as the plasma decays, im m ed ia te ly  downstream o f th is  d is c h a rg e . When 
the gas is  flow ed  co n tin u o u s ly  and a dc d ischarge is  em ployed, the n e g a tiv e  
ion  mass spectrum measured a t  a chosen tim e in  the a fte rg lo w  w i l l  be 
te m p o ra lly  co n s ta n t. In  the f lo w in g  a fte rg lo w  the n e g a tiv e  ions are 
sampled from  a p o in t s u f f i c ie n t ly  downstream from  the d ischarge th a t  
e le c tro n s  have decayed to  a low  d e n s ity  by am b ip o la r d i f fu s io n .  Thus, 
a is  la rg e  and a n e g a tiv e  io n  e f fu s io n  c u rre n t may be d e te c te d .
T h is  technique has been a p p lie d  to  a m ix tu re  o f in  the
p ro p o rtio n s  1 3 -1 5 -7 2  by P rin c e  and Garscadden (19 7 5 ). Th is  gas m ix tu re  
is  ty p ic a l  o f  th a t  used in  CO  ^ la s e r s ,  b u t the experim ent was perform ed  
a t a p ressure  o f 1 t o r r ,  which is  co n s id erab ly  low er than is  commonly 
used in  CO2  la s e rs . No o th e r  examples o f  the a p p lic a t io n  o f  th is  technique
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to  gas d ischarge g en era ted  a fte rg lo w s  have been found in  the 1 i  te r ;  :: are , 
presum ably due to  the r e la t i v e l y  f a s t  gas f lo w  v e lo c i t ie s  re q u ire d  to
s p a t ia l ly  sep ara te  the  a fte rg lo w  from the d isch arg e .
N o t ic e a b ly , a l l  the abovemcntioned a fte rg lo w  experim ents  have been 
r e s t r ic t e d  to pressures le s s  than o r  ap p ro x im ate ly  1 t o r r .  This is  due 
to  the in c re a s e  in  the tim e f o r  io n  d if fu s io n  from th e  a fte rg lo w  plasm a to  
the  sam pling o r i f i c e  as p ressu re  in c re a s e s . The reco m b in atio n  o f p o s it iv e  
and n e g a tiv e  ions occurs on a tim e s ca le  o f v 1 ms fo r  an io n  d e n s ity  o f
*^ 3 • 4 —' y 3 *“ 1.V 10 cm and a two-body reco m b in a tio n  c o e f f ic ie n t  o f 10 cm a ,
Thus an am bipo lar d if fu s io n  time o f le s s  than a m illis e c o n d  is  re q u ire d  
fo r  loss  o f  ions by recom bination  to  be r e l a t i v e l y  u n im p o rta n t. This  
c o n d itio n  is  more e a s i ly  s a t is f ie d  a t  low  p ressure  (p ^  1 t o r r )  and 
l im i t s  the  a p p lic a t io n  o f  a f te rg lo w  techniques in  n e g a tiv e  ion  sam pling.
More s e r io u s ly , the a f te rg lo w  technique n e c e s s a r ily  depends on a 
very  low e le c tro n  d e n s ity  a t the sam pling p o in t , Thus the plasma is  n o t 
ty p ic a l  o f  a la s e r  d ischarge where an ap p re c ia b le  e le c tro n  d e n s ity  is  
e s s e n t ia l .  The r e s u lt in g  mass spectrum  does n o t re p re s e n t the n e g a tiv e  
io n  e q u ilib r iu m  in  a dc plasm a s ince  species i n i t i a l l y  c re a te d  by e le c tro n  
attachm ent w i l l  have been converted  to o th e r  species by io n -m o le c u le  
re a c tio n s . I f  these io n -m o le c u le  re a c tio n s  are w e ll  known, e x tra p o la t io n  
to  th e  co n d itio n s  o f a dc d ischarge may be p o s s ib le .
Thus, a lthough  a f te r g lm f  techn iques may e lu c id a te  some of the  n e g a tiv e  
io n  plasm a chem istry  o f  CO  ^ la s e r  d is c h a rg e s , unambiguous de te rm in a tio n  of 
n e g a tiv e  ion  species in  CO2  la s e r  d ischarges is  not p o s s ib le ,
5 .3  THEORETICAL PREDICTION OR NEGATIVE ION SPECIES
As discussed in  th e  in tro d u c t io n  to th is  th e s is  (s e c tio n  1 ,6 )  the  
reasons fo r  d e te rm in in g  n e g a tiv e  io n  species d e n s it ie s  in  the CO.- la s e r
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discharge are th re e fo ld . F i r s t , the r a t i o  o f n e g a tiv e  io n  to e le c tro n  
d e n s ity  (n ^ /n ^ ) at th e  onset o f plasma i n s t a b i l i t y  in  volum e-dom inated  
discharges re q u ire s  comparison w ith  t h e o r e t ic a l  p re d ic t io n  (s e c tio n  1 .5 ) .  
Second, the ra te  o f growth o f n e g a tiv e  ions in  the plasma should be 
compared w ith  th e  computed and observed onset times o f i n s t a b i l i t y  (s e c tio n  
1 .5 ) .  F i n a l l y ,  knowledge o f  the n a tu re  o f  the n e g a tiv e  ions is  e s s e n t ia l  
to  improve e x is t in g  models o f  s teady s ta te  d ischarges (s e c t io n  1 ,4 )  and 
plasma i n s t a b i l i t i e s  (s e c tio n  1 ,5 ) by c h a ra c te r is in g  the  io n - io n  
recom bination  and detachment p rocesses .
In  a d d it io n  to  the d i f f i c u l t i e s  in  measurement o f n e g a tiv e  ions  
discussed in  the p rev ious  s e c t io n , th e  m as s -s p e c tro m a tric  approach is  
In ca p ab le  o f s a t is fy in g  th e  f i r s t  o f  th e  requ irem ents  m entioned above.
In  o rd e r to determ ine abso lu te  n e g a tiv e  io n  d e n s it ie s  by mass s p e c tro m e te r, 
th e  s e n s i t iv i t y  o f th e  e x p e rim e n ta l system must be known. T h is  re q u ire s  
knowledge o f  the tran sm iss io n  e f f ic ie n c y  o f sam pling o r i f i c e ,  io n  le n s e s , 
mass f i l t e r ,  e tc  and o f  the v a r ia t io n  o f  io n  e ffu s io n  c u rre n ts  w ith  
d ischarge p aram eters . Chapters 2 and 3 have sho^m th a t  such a c a l ib r a t io n  
is  n o rm a lly  n o t p o s s ib le  and m a s s -s p e c tro m e trie  r e s u lts  are  u s u a lly  
expressed in  r e l a t i v e ,  n o t a b s o lu te , u n its .
R ecent measurements o f  r a te  c o e f f ic ie n ts  f o r  io n -e le c t ro n  recom bination^  
io n - io n  re  co m bination , detachm ent and io n -m o lecu le  re a c tio n s  fo r  the gaseous 
c o n s titu e n ts  o f a i r  have en ab led  computer models o f  th e  e a rth ^ s  ionosphere  
to  be c o n s tru c ted . Much o f th is  d a ta  may be a p p lie d  to  the com putation  
o f n e g a tiv e  io n  d e n s it ie s  in  0 0  ^ la s e r  d isch arg es , where the same gaseous 
c o n s titu e n ts  are p re s e n t , b u t in  d i f f e r e n t  c o n c e n tra tio n s . The r a te  
c o e f f ic ie n ts  fo r  e le c tro n  a ttachm ent to n e u tra l  p a r t ic le s  may be o b ta in ed  
from  p u b lis h e d  c ro s s -s e c tio n  d a ta  (Rapp and B r ig l i a  (1 9 6 5 ))  by averag in g  
over the e le c tro n  energy d is t r ib u t io n  a p p ro p ria te  to the  d ischarge  
c o n d it io n s , as o u t lin e d  in  c h a p te r 1, Thus s u f f ic iw a t  in fo rm a tio n  e x is t s .
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as w i l l  be sbomi in  th is  s e c t io n , to form  a system o f  tim e-dependent equation ; 
d e s c rib in g  the  v a r ia t io n  o f v a rio u s  n e g a tiv e  io n  species under COg 
la s e r  d ischarge c o n d itio n s .
The f e a s i b i l i t y  o f t h e o r e t ic a l ly  m o d e llin g  io n  d e n s it ie s  in  plasmas 
has been i l l u s t r a t e d  by s e v e ra l a u th o rs . For exam ple, N ile s  (1970) has 
m odelled  d iscliarges in  a i r  in ten d ed  to s im u la te  io n o s p h e ric  c o n d it io n s , 
computing tem poral v a r ia t io n  o f p o s it iv e  and n e g a tiv e  ions and n e u t r a l  
sp ec ie s ; Mohnen (1971) has c a lc u la te d  d e n s it ie s  o f p o s it iv e  ions in  the  
low er atmosphere bu t has encountered d i f f i c u l t i e s  in  the n e g a t i \e  io n  
c a lc u la t io n s  due to  lad e  o f d a ta  on n e g a tiv e  io n  c lu s te r in g  w ith  w a te r  
m o lecu les ; B a s tie n  e t  a l  (1975) have s im u la ted  th e  tem poral e v o lu tio n  
o f n e g a tiv e  ions in  n e g a tiv e  corona d ischarges in  a i r  and no ted  the  
in f lu e n c e  o f im p u r it ie s .
The re s u lts  o f th e  above s tu d ie s  have been q u a l i t a t i v e l y  v e r i f ie d  
e x p e r im e n ta lly  by m as s -s p e c tro m e tric  tec h n iq u es . Th is  has been p o s s ib le  
since in  the plasmas m odelled  the e le c tro n  and gas tem peratures are  
ap p ro x im ate ly  e q u a l. E q u atio n  ( 2 ,3 ,2 )  shows th a t  when T^ no w a l l  
sheath  e x is ts  around a sam pling probe in  the plasm a and no impediment to  
n e g a tiv e  io n  mas s-spe ctrome t r y  e x is ts .  Thus, io n  d e n s it ie s  may be 
c o n fid e n tly  p re d ic te d  in  is o th e rm a l plasmas (e le c tr o n  tem peratu re  -  gas 
tem peratu re ) , u s in g  a v a i la b le  d a ta .
S ince the e le c tro n  tem peratu re  is  v  50 times g re a te r  than th e  io n  
and gas tem peratures in  a t y p ic a l  CO» la s e r  d is d ia rg e , the confidence  
w ith  which io n  d e n s it ie s  can be p re d ic te d  depends on d e ta i le d  knowledge o f  
re le v a n t  e le c tro n  p rocesses . As d iscussed in  s e c tio n  1 ,4 ,  the processes  
w hich depend on e le c tro n  tem peratu re  are io n is a t io n ,  a ttachm ent and, to 
a le s s e r  degree, e le c t ro n —io n  reco m b in a tio n . However, s u f f ic ie n t  c ro ss -  
s e c tio n  data  f o r  these processes e x is ts  o ve r the range o f  e le c tro n  en erg ies
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ap p ro p ria te  to  a CO^  la s e r  d ischarge to  a llo w  io n  d e n s it ie s  to be compuLCG 
w ith  some c e r ta in ty ,  Nighan and Wiegand (1974) have co.trputea attachm cnc  
and io n is a t io n  r a te  c o e f f ic ie n ts  fo r  a v a r ie t y  o f  m olecu les in  a 
5 -3 5 -6 0 , CO2 -N 2 -He gas m ix tu re  over th e  range o f e le c tro n  tem perature  
(and E /N ) l i k e ly  to be encountered  in  these d isch arg es , A comprehensive 
(Jif-î cun filou o f  cXcctrcTn-iou to  com bination e x is ts  due to  B ards ley  aad B io n d i ( 1 9 7 0) 
The necessary ra te  c o e f f ic ie n ts  f o r  the io n -m o le c u le  re a c tio n s  o c c u rrin g  
in  the CO2  la s e r  d ischarge have been measured fo r  a p p lic a t io n  to the 
understand ing  o f  atm ospheric phenomena and are w e ll  documented in  the  
l i t e r a t u r e  (eg the review s o f  Ferguson (1 9 6 9 ) , F i t e  (1969) and Ferguson  
( 1 9 7 4 ) ) Ç Detachment o f  e le c tro n s  from  n e g a tiv e  ions has also  been s tu d ie d  
f o r  re le v a n t  species (re v ie ife d  by M cD aniel e t  a l  ( 1 9 7 0 ) ) .  However, at 
p rese n t some co n tro versy  surrounds measurements o f io n - io n  re com bination  
ra te s  (S m ith  and Church (1 9 7 6 ) ) ,  N e v e r th e le s s , adequate o r d e r -o f -  
m agnitude r a te  c o e f f ic ie n ts  f o r  tiTO-body and th re e —body io n - io n  re  com bination  
processes may be o b ta in e d  from  O lsen (1972) , McGowan (1967) and Mahan 
and Fe.rson (1 9 6 4 ),
Using in fo rm a tio n  p ro v id ed  from  sources such as those above, Wiegand 
and Nighan (1973) have computed the tem poral e v o lu t io n  o f  n e g a tiv e  io n
species in  a 5—3 5 -6 0 , C0 2 -N 2 -H e gas m ix tu re  a t  20 t o r r  p re ss u re  and
-2  . .10 mA cm c u rre n t d e n s ity  o ver a p e r io d  o f  v  5 ms. Th is  model p re d ic ts
— . . . 1 1  —3CO  ^ as the dominant io n  reach in g  a d e n s ity  o f  v 1 0  cm , ap p ro x im a te ly
an o rd e r o f  m agnitude g r e a te r  than the e le c tro n  d e n s ity ,
A computer model o f the tem poral e v o lu tio n  o f n e g a tiv e  io n  s p e c ie s ,
under CO2  la s e r  d ischarge c o n d it io n s , has been developed along th e  same
p r in c ip le s  as th a t  o f  Wiegand and N ighan (1 9 7 3 ) , b u t in  g re a te r  d e r a i l .
Thi.s model traces  the tim e developm ent o f n in e  n e g a tiv e  io n  species
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(O ", 0 »"^, NO" ,^ takes account o f
the p o s s ib le  presence o f  e le v e n  im p u r ity  n e u tra l p a r t ic le s  (CO, 0 ,  Og,
Oq, H2 , H2 O, H , OH, NO^, NO, N2 O) in  a d d it io n  to the m ajor c o n s titu e n ts  
o f CO2 ) ^2 He, T ie  fo rm a tio n  o f th e  n e g a tiv e  io n  species is  d escribed
by th e  a p p ro p ria te  attachm ent re a c tio n s  w h ile  io n  loss occurs by detachment
and io n - io n - r  e conib in  a t io n , In te rc h a n g e  of n e g a tiv e  io n  species is  
rep resen ted  by io n -m o le c u le  re a c t io n s , ( F u l l  d e ta i ls  o f  a l l  rcacc».ons 
are g iven  in  ch ap ter 6 , )  Thus a system o f coupled , f i r s t - o r d e r ,  n o n - l in e a r  
d i f f e r e n t i a l  equations has been co n stru c ted  to fo l lo w  the development o f 
the n e g a tiv e  io n s , (These equations a re  p resen ted  in  an appendix to  chap ter 6 . 
T h is  system has been so lved  using the R unge-K utta  i t e r a t i v e  in te g r a t io n  
procedure (eg Fox (1 9 6 2 ))  on an IBM 3 60 /44  computer.
The model has been adapted to  p re d ic t  n e g a tiv e  io n  d e n s it ie s  in  two 
la s e r  s i tu a t io n s .  C hapter 6  describes  the a p p lic a t io n  o f the model to a 
s e a le d -o f f  CO» TEA la s e r ,  w h ile  the n e g a tiv e  io n  d e n s it ie s  in  an EDCL are  
computed in  ch ap ter 7, Both these s itu a t io n s  have th e  common fe a tu re  th a t  
d if fu s iv e  loss of charged p a r t ic le s  occurs on a lo n g e r tim e sc a le  than ;
the d u ra tio n  o f  gas in  th e  d is c h a rg e , and thus may be n e g le c te d  in  comparison <Iw ith  o th e r  loss  processes (see s e c tio n  1 ,4 ) ,
D e ta i ls  o f th e  c o n s tra in ts  on the m odel, as a p p lie d  to  each s i t u a t io n ,
are g iven  in  the a p p ro p ria te  ch ap te rs . However a few g e n e ra l remarks are
re q u ire d  a t th is  s ta g e .
Due to  the low degree o f f r a c t io n a l  io n is a t io n  in  a COg la s e r  
*—7discharge (n^/N  v  1 0  ) the e f fe c ts  o f  im p u r ity  species on plasma k in e t ic s
may be co n s id e ra b le  when o n ly  a few  p a r ts  p e r  m i l l io n  o f these species are 
p re s e n t ( ie  im p u r ity  d e n s ity  app ro x im ate ly  equal to  the e le c tro n  d e n s ity ) .
Such im p u r it ie s  may be CO, 0 and 0» formed in  CO  ^ d is s o c ia t io n  (Sm ith  and
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A u s tin  (19 7 4 ) ) ,  oxides o f  n itro g e n  formed in  the d ischarge (Tannen c t  a l  
( 1 9 7 4 ) ) ,  o r H , OH, and H^O due to re s id u a l w a te r vap o u r. Also some 
species may be added in  q u a n t it ie s  o f a few percent: to p erfo rm  a s p e c if ic ,  
fu n c t io n . F o r exam ple, H» a d d it io n ,  or CO a d d it io n , is  known
to im prove the l i f e  o f s e a le d -o f f  systems (W ittem an and W erner (1968) , Smith  
and Browne (1 9 7 4 ) ) ,
The e f fe c ts  on contam inants an d /o r a d d it iv e s  on th e  plasma chem istry  
are  d i f f i c u l t  to  e v a lu a te  when s e v e ra l are p re s e n t in  the gas, a r w i l l  
be the case in  a la s e r  d isch arg e . Using the  com putationa l approach i t  
i s  p o s s ib le  to  c o n s id er the in d iv id u a l  r o le  o f  each im p u r ity  species in  
a b a s ic  C0 2 -N 2 "'Hc m ix tu re , under ty p ic a l  d ischarge c o n d itio n s . In  th is  
way the a n a ly s is  o f  n e g a tiv e  io n  processes in  a t y p ic a l  la s e r  m ix tu re  
where s e v e ra l m in o r ity  sp ec ies  are p re s e n t can be s im p l i f ie d .  This  
approach has been adopted, to a la rg e  e x te n t ,  in  the  analyses o f  chapters  
6  and 7,
Lack o f d e ta i le d  in fo rm a tio n  in  two p a r t ic u la r  d ire c t io n s  has imposed 
some l im i t a t io n  on the a p p lic a t io n  o f  the model to la s e r  d ischarges « W ir a t , 
the ra te  c o e f f ic ie n ts  o f many io n -m o lec u le  re a c tio n s  have on ly  been 
measured a t 300K. Rate c o e f f ic ie n ts  which have been measured a t h ig h e r  
tem peratures suggest th a t  l i t t l e  v a r ia t io n  occurs o v er the range 3 0 0 -  
600K, However the r a te  c o e f f ic ie n ts  f o r  detachment o f  e le c tro n s  from  
n e g a tiv e  ions is  l i k e l y  to be tem p era tu re  s e n s it iv e ,  a lthough  l i t t l e  d a ta  
is  a v a ila b le  (see s e c tio n  1 , 5 , 2 ) ,  T h is  confines the model to  la s e r  d ischarges  
where th ere  is  l i t t l e  gas h e a t in g .
Second, many n e g a tiv e  ions a re  known to  form  c lu s te rs  w ith  o th e r  
m olecu les  (w a te r vap o u r, e s p e c ia l ly ,  forms c lu s te rs  such as CO» . (11 .0 ),
NO» , (H 2 O ), e t c ) .  In fo rm a tio n  on the loss processes and io n -m o le c u le
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re a c tio n s  fo x  such c lu s te r  species is  in s u f f ic ie n t  to a llo w  t h e ir  in c lu s io n  
in  the m odel. Thus, where d e ta i le d  measurements o f r e a c t io n  ra te s  are  
u n a v a ila b le , such c lu s te re d  species a re  assumed no t to be formed.
W hile  the above c o n s id e ra tio n s  impose l im its  on the a p p l ic a b i l i t y  oi: 
the n e g a tiv e  io n  m odel, com putations may be c o n f id e n t ly  perform ed fo r  
hco. la s e r  typ es , The TEA la s e r  and the EDCL are  tre a te d  in  chapters 6  
and 7 r e s p e c t iv e ly ,  and com putations o f n e g a tiv e  io n  species d e n s it ie s  
are c o rre la te d  w ith  e x p e r im e n ta lly  observed plasma i n s t a b i l i t i e s .
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Abstract, Using sealed and fiowing-gas t b a  CO2  lasers we have determined that long­
life arc-free operation can be obtained in sealed COa-Na-He-Oa-CO-Ha-HaO mixtures 
provided the Oa concentration is less than p-2%, depending on the particular laser, and 
the HaO concentration less than 1-3 %.
With a computer model of 63 neutral and negative ion processes we have calculated 
that the negative ion population is significantly increased with these amounts of added 
Oa and HaO and that CO4 " and H~ respectively become large compared with COa" 
(the dominant ion in systems with little Oa or HaO). The beneficial cficct of CO in 
suppressing negative ion formation is explained and the ratio of negative ions to electrons 
NbINo is determined to be between 0  05 and 1 * 0  for a wide range of gas mixtures used 
in trigger-wire and u v  pre-ionlzed t e a  lasers.
1. Introduction
In 1973 Nighan et a l (1973) suggested that negative ions could play an important role in 
ionization instabilities in low-pressure gas dynamic lasers. Wiegand and Nighan (1973) 
computed that in a cw COa-Ng-He laser the dominant ion species should be CO3" 
and its population could be greater than the electron concentration. Johns and Nation 
(1972), Douglas-Hamilton and Mani (1973, 1974) and Kovalev et al (1974) have sug­
gested that similar processes are important in atmospheric-pressure plasmas. Several 
other authors (Stark et a l 1975a, Dyer and James 1975, Smith et al 1975) have invoked 
such processes to explain their t e a  laser results, but no one has reported any actual 
measurements of negative ions in t e a  lasers or at atmospheric pressure.
Recently Prince and Garscadden (1975) have reported the detection of negative ions 
in the flowing afterglow of a cw discharge in a low-pressure (~1  Torr) C O a -N s -H e  
mixture. Only relative concentration information is given, but they find not C O 3”  as 
predicted, but N O 2"  and N O 3"  as the principle ions.
In this paper we seek to calculate the negative ion populations in a typical t e a  laser 
and also at low pressures. The latter enables comparisons to be made with both the 
predictions of Wiegand and Nighan and the results of Prince and Garscadden. We use 
the negative ion model in conjunction with mass spectrometric results to show how both 
gaseous dissociation products of the COa-Ng-He mixture and additive gases can suffi­
ciently change the discharge negative ion concentration balance in a typical scaled t e a  
laser so as to inhibit or permit the transition from diffuse to arc-like operation.
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2. The model
2.1. Discharge
The negative ions in the positive column of a glow discharge arise from the production of 
electrons by electron-molecule collisions and subsequent attachment reactions. The 
model describes the attachment, detachment and ion-molecule reactions occurring in 
an atmospheric-pressure discharge typical of either sealed or flowing pulsed CO2 lasers.
It also considers positive ion-negative ion recombination, the dissociation of neutral 
species by electron-molecule collisions and some molecule-molecule reactions.
The electrical excitation in the model is of the form of a square pulse of electrons of 
density lO^ ® ciu“3 for time / —0 to t=300 ns with a mean electron energy of 1 eV. This 
roughly corresponds to the situation in a pre-ionized parallel-platc-electrodc transverse- 
discharge t e a  laser with the discharge of 0*5 iiF (at ^ 2^5 kV) per cm  ^ of electrode. It is 
assumed that the discharge reduced field E jN is  ~ 2  x IQ-i® V cni^  and does not vary with 
the gas mixture. For the low-pressure calculations (1-20 Torr) the electron density is 
1010 cm-3 for /= o  to t~10 ms, with the same discharge E jN  and mean energy. (This 
corresponds to a cw discharge of 10-15 mA cm~2 in a COg-Ng-He mixture.) The gas 
temperature is assumed to be 300 K  and unaltered by the discharge. This is a good 
approximation for a pre-ionized t e a  laser, but would not be so for a t e a  laser externally 
sustained for > 1 p.s. At low pressures the gas will be significantly heated for />  10 ms 
and this is one of the reasons for the computation being limited to the first 10 ms after 
switch-on (see also §§2.2 and 2.3 below).
2.2. Negative ions
The initial negative ions are created either by two-body dissociative attachment reactions 
or by three-body attachment reactions. The most important of these are listed as reac­
tions 1-11 in table 1 : we have included those with the largest rate constants involving 
CO2, CO, O, O2, NO, N 2O, NO2, Ha and H 2O.
The negative ions undergo various ion-molecule reactions with the various neu|;ral 
gaseous constituents, both two-body and three-body; these reactions are listed in tabib 2.
The loss of negative ions is assumed to be by homogeneous processes and no wall 
reactions are considered. This is a good approximation at atmospheric pressure and 
should be true at low pressures for / < 10 ms, provided the discharge tube is of a reasonable 
diameter (> lc m ). The homogeneous loss processes considered are the detachment 
reactions listed in table 1 and two- and three-body positive-ion-negative-ion recombina- ! -
tion. Exact values for many of these recombination reactions are not available, but 
since all the known two-body rates are similar we assume a mean value of the recombina­
tion coefficient /c2u = 2  x 10“'^  cm  ^ and likewise for the three-body processes 
kan — 10~25 cm*’ s“i (Olsen 1972, McGowan 1967, Mahan and Person 1964).
2.3. Molecular dissociation and neutral reactions
In a COg-Ng-He mixture the CO2 is dissociated by the dissociative attachment reaction 1, 
but this rate is small compared with tlie electron-molecule neutral reaction
* 2 0e H* COg —  ^e -f* O -[- CO.
1 5 1
Negative îo?i ejfects in t e a  COg lasers 1589
Table I,  Electron attachment and detachment; neutral dissociation and recombination 
processes
No. Reaction 
Dissociative attachment:
Rate constant (300 K) Reference
1 . e + COa~+CO“l-0“
2. c+CO —^ C +O ”"
3. c+0a“+ 0 + 0 ~
4. e +N aO -+ Na +0~
5. e + N 0 -> N  + 0 -
6 . c+NOa->-N0 + 0~
7. e+HaO-^ H -+ O H
8 . e+Ha-* H ~+H
5 X 10-13 5-if
3 X IQ-i'* cm3 s-i 
3 X 10-13 cm3 s“i 
2x 10-13 g-i
1 X 10-13 cm® s-i 
1 X 1 0 - 1 1  cm® s“i 
5x10-13 
1 X 10-1®
Nighan and Wiegand (1974) 
Nighan and Wiegand (1974) 
Nighan and Wiegand (1974) 
Nighan and Wiegand (1974) 
Nighan and Wiegand (1974) 
Nighan and Wiegand (1974) 
Niglian and Wiegand (1974) 
Rapp and Briglia (1965)
Three-body attachment:
9. e+Oz'l-M —> 02~+M 2 X 10-®° cm° s-i (M =02) Phelps (1969) 11 X 10-®^ - cm® s~^ (M=Na) Phelps (1969)
3 X 10“®° cm® s“i (M = COa) Phelps (1969)
2 X 10“®° cm® s"i (M =* He) Chanin et al (1962)
10. e + O + M  -> 0 -  +  M 1 X 10“®i cm® s“^(M=Oa) Bastien et al (1975)
1 X 10“®^ cm® s“i (M=Na) Bastien et al (1975) ?11. e+N O a+M  -* NOa“+ M  2x 10-n cm®s”i (M =He) Mahan and Walker (I967b)$
4x 10“ *^^ cm® s“^(M=Na) Mahan and Walker (1967b)$
Associative detachment:
12. 0 -+ C 0  -+ COa + e 7 X 10“®° cm® s“^ McFarland et al (1973)
Moruzzi and Phelps (1966)
13. O”-f-O —> Oa+c 2x 10“ °^ cm® s“^ Niles (1970), Melton (1970)
14. 0-+0a(iAg) —y Os+c 1 X 10“ °^ cm® s“^ Niles (1970)
15. 0 -+ N 0  —► NOa+3 2x 10-i°cm®s“i McFarland ct al (1973) Niles (1970)
16. 0 -+ H a —► HaO 4 c 8x 10“ °^ cm® s“i Phelps (1969) .
17. COa-+CO 2COa+e 5 X 10“ ®^ cm® s“^ D A Price and J L Moruzzi (1974
private communication)
18. O2 -+ O  —* Og+e 3 X 10-1° cm® s“i Niles (1970), Melton (1970)
19. 02-4-Oa(iAg) —>• 20a+e 2 X 10“i° cm® s~i Fehsenfeld et al (1966)
20. Oa-+H —» HOa 4- e 1 X 10“° cm® s i^ Fehsenfeld (1975)
21. H” 4- H -> Ha 4- e 1X 10“° cm® s~i McDaniel et al (1970)
22. H~ + Oa—>■ H024-C 1 X 10“° cm® 8-1 McDaniel et al (1970)
23. 0 H “4 '0  HO2 4 - G 2x 10“i° cm® s~i Melton (1970)
24. O H -4 -H  —> Ha04-e 1X 10“° cm® s“i Melton (1970)
Collisional detachment:
25. N O -4 -M  -> N04-M4-e 5 X 10“i° cm® s“i Bastien et al (1975)
Neutral dissociation: è
26. e+CO 2 —+ CO 4 - 0  4 " e 1 X 10“° cm® s“i Smith and Austin (1974)
27. C'hOa—^ 0 4' 0 4"c 1 X 1 0 “° cm® s“i sec text .1
28. c4-H2-> H + H 4 -C 4 X 1 0 -° cm® s“i see text
29 c4- HaO —> H 4- OH 4- e 2  X 1 0 “° cm® s“i see text
Neutral recombination:
30. 0  + C 04-M -> CO2 4 -M 2 X 10“®° era® s“i Stuhl and Niki (1971)
31. 0  4 * 0  +  M —+ Oa 4" M 3 X 10“®® cm® s“i Niles (1970)
32. 0  4" O2  "I" M —>Og 4 " M 5 X 10“®® cm® s“i Niles (1970)
33. 04-0g—» O2 4 -O 2 9 X 10“i® cm® s“i Niles (1970)
t  For a mean electron energy of I eV.
Î  This is a saturated three-body reaction, hence the rate constant is in units of cm® s"
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Table 2, Negative-ion-molccule reactions
No. Reaction Rate constant (300 K) Reference
Two-body processes:
34. 0  +Oa(''Ag) —> Oa^+O 1X 10-® cm® s"^ Niles (1970)
35. O '+NO a—^ N0a“+ 0 1X 10-® cm® s-^ Niles (1970), Melton (1970) : s:36. O -+N O 2 -» Oa-'+NO 1X 10“ °^ cm® s~^ McDaniel et al (1970)
37. O -+ N 2O -> N O -4-NO 2x 10-“  cm® s-^ Melton (1970) Bastion et al (1975) . . I
38. 0~ 4- Ha-> OK“ 4- H 3 X IQ-i  ^cm® s~^ McFarland et al (1973)
39. 0a~*t"0 —+ 0a4 '0— 1X 1 0 - 1 1  cm® s-i Niles (1970) : 140. 02~4-0a-> O3 4 -O 3- 4x 10-1° cm® s-i Niles (1970), Melton (1970)
3 X 10-1° cm® s~i Fehsenfeld and Ferguson (1974) - 1
41. Oa~4'NOa”+ Oa4-NOa— 2 X 10-° cm® s“i Niles (1970)
42. Oa“4*H —> H~4*Oa 2x 10“° cm® s~i Fehsenfeld (1975)
43. C03~4'0 —> Oa~4*COa 8 X 10-11 cm® s-i Niles (1970), Melton (1970)
44. CO3- 4 -NO -> COa+NOa- 9 X 10-12 cm® s~i Niles (1970), Melton (1970)
45. C03“+NOa— COad-NOa"■ 1 X 1 0 - 1° cm® s~i Niles (1970), Fehsenfeld and
Ferguson (1974)
46. CO3 -+ H  OH-4-COa 2  X 1 0 - 1° cm® s“i Fehsenfeld (1975)
47. C04“4"0 —» COa-4'Oa 2 x 1 0 - 1° cm® 8 - 1 McDaniel et al (1970)
48. cori-NO-qNOg-)"''
"I" COa 5 X 10“ii cm® s“i McDaniel ct o/(1970) ")'
49. CO4—4 " Og—* O3—4"C0a 1 X 1 0 - 1° cm® s~i Bastien et al (1975), Fehsenfeld and
4"Oa Ferguson (1974)
50. CO4- 4 -H  -> CO3- 4 -OH 2 X 10-1° cm® s-i Fehsenfeld (1975) ' - j51. H - 4 -NO 2 -» NOa-4-H 3 X 10-° cm® s“i Venugopalan (1971)
52. O H -4-NOa-» NOa-4- OH 1 x 10-° cm® s~^ Melton (1970)
53. NO”4"Oa—» Oa 4"NO 9 X 10-1° cm® s“i Fehsenfeld et al (1966)
54. NOa-4-NOa-» NO3-+ N O  4x lO-i® cm® s-^ Bastien e/o/ (1975)
55. NOa-'hlT —» OH -i-NO 4x 1 0 - 1° cm® s-i Fehsenfeld (1975)
56. (N 0 3 - ) * 4 'H  -» NOa-
4 -OH 7 X 10-1° cm® g-i Fehsenfeld (1975)t
57. (N 0 8 -)*+ N 0  -» NOa- ■I
4-NOa 2 x 1 0 - 1 1  cm® s~i Adams et o/(1970)t
Three-body processes :
58. 0 - 4 -C 0 a4 -M -»C 0 3 - 4 -M  9x10“®°cm® (M =  COa) Moruzzi and Phelps (1966)
2x 1 0 - 2® cm® $-1 (M =He) Fehsenfeld and Ferguson (1974)
3 X 10-28 cm® s“i (M=Oa) Fehsenfeld and Ferguson 0974) ' ■ - 159. 0-4-N 04-M -»N 0a“4-M 1 x I0-®° cm® 5 - 1 Bastien e/ a /(1975)
60. O2- +  C0a4- M-» CO4- 4 - M 1X 10-2° cm® s~i (M=COa) Melton (1970)
1 X 10-2° cm® s~i (M=Oa) Melton (1970) . ■-/5x1 0 - 2° cm® s-i (M = Oa) Fehsenfeld and Ferguson (1974)
61. CO3-  4- HaO+ M —» CO3-
(HaO)4-M 1X 10-28 cm® $-1 (M=Oa) Fehsenfeld and Ferguson (1974)
62. Oa~4-Ha04"M —» Oa”
(HaO)4-M 2 X 10-28 cm® s-i (M=Oa) Fehsenfeld and Ferguson (1974)
63. NOa” 4 " HaO+ M —» NOa~
(HaO)4-M 1 X 10-28 cm® s~i (M=Oa) Niles (1970)
I X 10-28 cm® s“i (M=Na) Niles (1970)
t  Some NOs" is produced in a reactive form (Fehsenfeld 1975). This occurs when Oz" is transferred to 
NO, but not when 0 “ is transferred to NOa. We have indicated this reactive form by (NO3-)*.
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The dissociation coefficient oc/P for this reaction has been measured by Smith and 
Austin (1974) for typical laser mixtures; its value varies with the discharge EjN, The 
rate constant k can be obtained from the dissociation coefficient from the relation
,  3-6x1010
( a lF ) E lN  = ------------------ ( k )E IN1/(1
where va is the electron drift velocity (assumed to be 5 x 10® cm s~i for E fN =  2 x IO~io V cm ,^ 
Lowke et al 1973). a/P is in units of electron"i cm-i Torr-i, and k is in units of 
cinO S“i. The value obtained for kz<s is 1 x 10"® cm® s~i, which is only ~0-2 % dissociation 
per TEA discharge pulse, so we assume in the model the COg population is constant over 
any one discharge pulse. At low pressures this approximation is also valid for discharge 
periods < 1 0  ins.
No reliable data is available for the dissociation rate of Ng, CO, Og, HgO or Hg in a 
typical COg-Ng-He mixture. Since Ng and CO are certainly dissociated at a considerably 
slower rate than COg in a typical glow discharge we assume that they are undissociated 
and hence that any oxides of nitrogen in the model have to be added as empirical con­
stants. The dissociation rate of oxygen is very similar to that of COg (based on the ‘pure’ 
gas results of Smith and Austin 1976), and the dissociation rate of hydrogén is about 
four times as great (based on the ‘pure’ gas results of Corrigan and von Engel 1958). 
We assume the dissociation rate of HgO to bo twice as great as that of COg (unpublished). 
These dissociation processes arc tabulated in table 1.
On the time scale of the tea laser discharge pulse, neutral-neutral reactions will be 
unimportant, but over the longer period of some of the low-pressure discharges they 
become significant. We have included in the model four atomic oxygen homogeneous 
neutral loss mechanisms; these are listed in table 1 .
2.4. Computation procedure
Equations expressing the time development of five neutral species (CO, O, Og, O3 , H) 
and nine negative ion species (O ', Og-, NO", NOg”, NOa“, CO3-, CO4-, H~, OH") 
during the discharge have been solved iteratively using the Runge-Kutta technique with 
an IBM 360/44 computer. The full equations are listed in the Appendix. The time 
development of the other neutral species is not considered because their populations are 
considered constant (see §2.3 above).
Because the reactions of hydrated cluster ions such as CO3-  (HgO) are not known in 
any detail we have assumed that reactions of the type 61, 62 and 63 do not occur. Thus 
where CO3-  and Og- etc are referred to it must be taken that they may be present in a 
hydrated form. The results will need to be modified if the reaction rates of the hydrates 
are significantly different from those of the parent ions.
3. Negative ion predictions
3 . 1. The flomng~gas tea model predictions
We first consider the tea laser situation where the gas in the laser is completely replaced 
between discharge pulses and there is no accumulation of dissociation products over 
several pulses. Figure 1 shows the computed development of the main negative ion 
concentrations with time during and immediately subsequent to the discharge pulse in a
125
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Electron density
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a
Discharge time (ns)
Figure 1. Variation with time of the main negative ions species with a 300 ns discharge 
in a flowing gas 10-10-80 COz-Na-He atmosphcric-prcssure mixture.
10-10-80, C O a -N a -H e  atmospheric pressure mixture. The chief peak is C O 3", other 
peaks being C O 4" , 0 ~ ,  Oa”, H” and 0 H ~ .  The H “  and 0 H ~  arise because in all com­
puted mixtures we assume an impurity level of 30 ppm of water vapour. The 0 “ is 
mainly formed by dissociative attachment of CO2 (reaction 1), but it rapidly reacts with 
C O 2 in the three-body reaction 58 to form C O 3"  and thence Oa“ and C O 4”  by reactions 
43 and 60. The H ~  is mainly formed by dissociative attachment of H 2O  (reaction 7) 
and the 0 H ~  is formed in reactions 38 and 46. It should be noted that the C O 3-  reaches 
an approximate equilibrium value after about 100 ns with a population of about 
5 X 10^ 1 ions cm~®, giving a negative ion to electron ratio Nn/No of ~0-05. This equilib­
rium is caused by the loss of negative ions by three-body recombination with positive 
ions, which at this pressure is faster than both two-body recombination and detachment. 
In the afterglow the total negative ion population decays by both recombination and 
detachment, but individual peaks may continue to increase in magnitude for a time because 
ion-moleciile processes produce these species faster than the corresponding ion loss 
processes remove them.
I f  a substantial amount of molecular oxygen is added to the COg-Nc-He mixture 
reaction 9 becomes significant in directly creating O2" by three-body attachment. Thus 
in figure 2 with 10% O2 added to the 10-10-80 mixture O2" is the dominant peak, but 
later in the pulse CO4" is dominant, being formed by reaction 60. The total negative 
ion population is also increased such that after about 50 ns it is constant with Nn/Ne ~  1. 
Figure 3 is a plot of the concentrations of C O 3" , C O 4"  and O3" after 100 ns for varying 
amounts of added oxygen. Results are plotted for three basic C02-N2-He mixtures, 
10-10-80 and 20-20-60 which are typical of those used in non-pre-ionized and trigger- 
wire pre-ionized devices and 60-20-20 wliich is typical of those used in uv pre-ionized 
devices. Clearly the CO4" becomes dominant and the total negative ion population is
I
■ îi
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Electron density
OH'
H
Dischiorge time ins)
Figure 2. Variation with time of the main negative ion species with a 300 ns discharge 
in a flowing gas 10-10-80 COa-Ng-Hc atmospheric-prcssure mixture with 10% 
added Os.
COj" 160-20 -20 )
c o r  110-10-80)
CO3 I6O -2 O -2O) 
COj'1 2 0 -2 0 -6 0 )
CO] 110-10-80)
0 , 110-10-80) 
Oz'160-20-^
Figure 3. 
1 0 0  ns in
2 6 6 • 8 10 
Oxygen concentration i%)
Variation with amount of added Oa of the main negative ion species at /= 
atmospheric pressure discharges in three COa-Na-He mixtures.
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significantly increased with between ^ and 2 % of added O2 depending on the original 
gas mixture.
The cfiect of the addition of C O  to the C O a -N a -H e  mixture is insignificant (but sec 
§3.2 below) and likewise the addition of hydrogen (in quantities up to 10%) does not 
significantly affect the dominant CO3-  ion, but the secondary peaks H~ and OH“ are 
increased. But the addition of H 2O  produces H ~  as the dominant ion (reaction 7); thus 
figure 4 shows that the total negative ion population is significantly increased and H~ 
can become dominant when 1 to 5 % of H 2O  is added, the percentage depending on the 
particular C0 2 -N 2-He mixture.
CO; (6 0 -2 0 -2 0 )
C O / (2 0 -2 0 -6 0 )
C O / (1 0 -10 -80 )1 -H' (10-10-80 ) 
H " (6 0 -2 0 -2 0 )3 i.y1
I 0 0 /(6 0 -2 0 -2 0 )2
I 0 0 /(2 0 -2 0 -6 0 )
0 0 /(1 0 -1 0 -8 0 )
Water concentration (%)
Figure 4. Variation with amount of added HaO of the main negative ion speçies at 
/=100 ns in atmospheric pressure discharges In three COa-Na-He mixtures.
;
1
I
Above we have mentioned briefly some of the most important reactions, therje are 
more completely summarized in figure 5, which is a reaction path chart for the various 
negative ion processes excluding recombination. The thicker lines indicate the more 
important paths. The dotted line linking 0~ and Os~ is important in the atmosphere, 
but not in our system. The closed loop
(O) (M +CO ) (O or H)
C O 3-  > 0 2 -   > C O 4-  ------> C O 3-
is very significant both during the discharge pulse and in the afterglow.
3.2. The cjfect o f carbon monoxide
We have previously (Smith et al 1975) roughly calculated that the direct effect of carbon 
monoxide on the negative ion population in a t e a  laser is only significant if  a large
1 5 7
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CO
CO
C0 2 OH' HO;CO
Q +M •jo or H
M+CO,
CO,
Figure S. Negative ion reaction path chart (sec text).
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amount (~20% ) is added to the COg-Ng-He. But Stark et al (1975a) have suggested 
that the effect on a t e a  laser is considerable and Nighan et al (1973) have shown that at 
low pressures electron detachment by CO controls the Nn/No ratio. In figure 6 we show 
the computed effect of the addition of C O  on the dominant C O 3-  ion in the 10-10-80
760 Torr (after 100 ns
JO Torr (after 1 ms)
CO concentration (%)
Figure 6. Effect of the addition of CO on the CO3-  in atmosphcric-prcssure (TVe 
10 3^cm“3) and low-pressure (iVo= 10^ ° cnV -'') discharges in 10-10-80 COa-Nz-He,
I
I
mixture for the t e a  laser (10^ ® electrons cm"®, after ICO ns) and at 10 Torr (10^ ® electrons 
cm-®, after 1 ms). The effect of even 10% added CO is small in the t e a  case, but at 
10 Torr the C O 3"  is reduced by a factor of about 50. This difference can be understood 
by reference to the C0 3 "-> O 3- - +  C O 4" -»  C O 3"  rapid cycle in figure 5. At low pres­
sures the dominant reaction of O" is the detachment with C O  to form neutral C O 2 
(reaction 12)
O "hCO —> COg -f-e
-
'
à
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but at the much higher pressure of the t h a  laser the three-body reaction 58 
0~ 4- COg 4* M — > COg~ 4* M  
becomes faster and the ion population is recycled.
It should also be noted that at 10 Torr when little CO is present NnlNo> 1.
3,3. The effects of oxides o f nitrogen
The computer programme includes numerous reactions involving the oxides of nitrogen 
(see tables 1 and 2 ), but these have not led to any negative ions in §§3.1 and 3 .2  above 
because as mentioned earlier the oxides of nitrogen have to be added as empirically 
determined amounts. We have experimentally determined that there is less than 2 5  ppm 
of N O  and N O a  and less than 75 ppm of N a O  in a flowing or sealed t e a  laser. With 
these maximum amounts of the oxides of nitrogen, N O a "  and N O a "  peaks are produced 
but they are small compared with the principal negative ion peaks.
At low pressures (1 -8  Torr) Tannen et al (1974 ) have used mass spectrometry to 
measure the concentrations of NO, NOa and NaO. Extrapolation from their results 
would suggest about 1000 ppm NO and NOa, and 300 ppm NaO in a COa-Na-He 
mixture at 1 Torr with a discharge dwell time of ~ 6 0  ms. Prince and Garscadden (1975 ) 
have measured the negative ions in a flowing afterglow system (dwell time 62 ms) in an 
initial mixture of 12*7%  COg, 15*5%  Na, 7 1 *8 %  He. We have computed the negative 
ions in this mixture, assuming the COa is dissociated by a discharge of 60 ms. The 
results of this computation are given in figure 7, together with Prince and Garscadden’s 
results corresponding to lO^ ® electron cm"^: since Prince and Garscadden’s results 
are only relative we have normalized their O" peak to our O" peak. Our model
Electron density
E NO/
N O /S.
§ coy
S
M
OH'
Dischorge time Ins )
Figure 7. Variation with time of the main negative ion species with a discharge at I Torr 
in a gas mixture similar to that of Prince and Garscadden (1975). Prince and 
Garscadden’s experimental peaks (after 60 ms) are shown on the right of the figure 
(normalized to 0 ~).
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predicts the largest peak to be NOg” followed by NO 3" and then CO3", Og~ and O" 
close together, whereas Prince and Garscadden measure NOg" to be the largest peak, 
followed by NOa“ and then likewise O2", O" and CO3" close together. Given the 
approximation involved in determining the concentration of the neutral oxides of nitrogen 
and the extent of knowledge of ion-molecule processes this agreement seems very satis­
factory and gives some confidence that the high-pressure predictions are acceptably 
accurate. ' Ï
4. Comparison with experimental t e a  laser results
4 .1 . Experimental system
The experimental results have been obtained with a Pearson and Laniberton (1972) 
trigger-wire t e a  laser similar to that described by Stark et a l (1975a). This is constructed 
with a glass envelope and metal vacuum seals so that it can be operated for long periods 
of time without any significant surface outgassing or gas leakage; our version can either 
be operated sealed-off or with a flowing gas mixture. The main discharge is between 
two 20 cm by 1 cm Rogowski profile electrodes separated by 1 cm. The composition of 
either flowing or sealed-off mixtures could be measured with an AEI MSIO mass spectro­
meter and gas flow rates measured with calibrated flow meters.
4 .2 . Dis.wciation equilibrium in a sealed t e a  laser
The sealed laser with a static mixture of 20-20-60 COg-Ng-He was pulsed at a rate of 
about 2 pps with the main 12 nF capacitor charged to 25 kV. A uniform discharge was 
obtained and after 1000 pulses, the dissociation within the vacuum envelope was measured 
to be about 6j%  (i.e. ~ 0-0065% per discharge pulse over all the gas). The laser was 
refilled and pulsed for 8000 shots and the dissociation measured to be 28%. This was 
repeated for several other sets of pulses and the results are plotted in figure 8. Diffuse 
discharges were obtained on all occasions up to 5000 pulses, after which the discharge 
occasionally became erratic and arced : on these occasions the tube was refilled and the
3000 6000 
Number of pulses
9000 12000
Figure 8 . Variation of the dissociation of CO3 in a  20-20-60 CO2-N2-HC mixture 
with number of discharge pulses in a  sealed t e a  laser.
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pulsing repeated. From figure 8 it is clear that the tube reaches a dissociation equilibrium 
with about 28 % dissociation after 6000-7000 pulses.
Wc investigated the effect of the addition of CO on this dissociation equilibrium by 
adding varying amounts of CO to the original 20-20-60 mixture and determining the 
dissociation after 8200 discharge pulses for each gas mixture. The results are presented 
in figure 9: the dissociation equilibrium falls to 10% with 5% added CO and 3% with 
10% added CO. We will explain the neutral dissociation equilibrium and its variation 
with added CO elsewhere.
D 20
CO concentration (%)
Figure 9. Effect of tlie addition of CO on the dissociation of COa in a 20- 2Ü-60 
COa-Na-He mixture after 8200 pulses in a sealed t e a  laser.
4.3. Effect of hydrogen
The addition of hydrogen also reduces the CO3 dissociation in the COg-Ng-He mixture, 
but its exact effect is difficult to measure because it can lead to discharge arcing. Thus 
in figure 8 the point X  represents the CO2 dissociation after 2400 pulses in the 20-20-60 
mixture with 6% added hydrogen: there is a reduction of about 35%. Points could not 
be obtained for any larger number of pulses because after 2400 pulses the discharge 
arced. This can be contrasted with the result reported in an earlier paper (Smith et al 
1975) when 25% hydrogen could be added without arcing: but in that case the addition 
was made to a flowing gas laser, so no dissociation products were accumulated. In the 
present situation dissociation of the hydrogen will be about 0-025 % per pulse (reaction 
28) so considerable amounts of water vapour will be formed by reactions of H  and Hg 
with other dissociation products such as O and OH and after lO -^lO  ^pulses the HgO 
concentration will be 1-3 %.
Figure 4 predicts that the negative ion concentration will be doubled in a 20-20-60 
mixture with the addition of about 2% HgO. Thus in a sealed t e a  laser with the added 
Hg the negative ion population will have been doubled after 10^ -10'^  pulses, whilst it is 
observed that the discharge arcs after 2-4 x 10® pulses.
That this eftect of Hg is due to the formation of HgO by the discharge is supported 
by the observation that if the gases in  a flowing gas t e a  laser are passed through a water- 
saturated alumina column before entering the laser the discharge arcs and this arcing 
continues for a considerable time after the addition of HgO has ceased.
I
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4.4. îiffeet of oxygen
Previously we have reported (Smith et al 1975) that several percent of oxygen could be 
added to a flowing gas trigger-wire tea laser before it started to arc, whereas Stark et al 
(1975a) have reported that less than 1 % could be added to a similar device prior to 
arcing. We have measured the arcing threshold in the tea laser with the gas flowing 
sufficiently fast so as to be completely replaced between pulses; figure 1 0  summarizes the
30
A.B.O 2 0 -2 0 -6 0  )C 3 0 -3 0 -1 0  [CC^-N^-He 
E 1 0 -1 0 -6 0  '
N.25-
5 2 0 -
Oxygen concentration (%)
Figure 10. Effect of the addition of O2 on the arcing threshold in various COa-Na-He 
mixtures. The dashed curve B is for 50 % of pulses arcing. Results obtained after the 
laser had discharged about 10® times (curve D after 2 x 10* times).
Î
results. The solid curves (A, C, D, E) represent the variation of arcing threshold with 
added Og for several different gas mixtures at different discharge voltages. The dashed 
curve (E) represents the same situation as curve A except that the arcing limit has been 
measured for 50% of the pulses arcing, rather than arcing threshold. Curves A, B, C 
and E were measured after the laser had discharged about 10^  times, curve D after 
2x  10° times. Clearly the arcing situation changes from pulse to pulse (A and B) and 
this is presumably due to slight variations in the discharge pulse and electrode surfaces. 
The arcing threshold also decreases with number of pulses (A and D), but since the 
neutral gas composition has not changed significantly between the situations of curves 
A and D  the effect must be due to a change of surface condition. Thus one has a situa­
tion that where the surface condition has changed (deteriorated with time) so the thresh­
old for arcing with added amounts of O2 changes. Also it maybe observed that a higher 
helium content at low voltages is more tolerant of added O3, but the operating potential 
must be carefully chosen for any given mixture. In a sealed device with a reasonable 
power output the maximum permissible O2 is 1—2%. This measured amount can be 
compared with the computed amount of about 1 % which doubles the negative ion 
concentration in a 20-20-60 mixture (figure 3).
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4 .5. Long-life sealed t k a  laser
Carbon monoxide and hydrogen have been successfully used to produce long-life sealed 
TEA lasers (Stark et al 1975a). The effect of the C O  addition on the negative ions is 
relatively insignificant (figure 6), however it does reduce the C O 2 dissociation (figure 9) 
and hence the amount of O 2, and so the negative ion population will be reduced (figure 3). 
1 %  Oa doubles the negative ion concentration, with C O 4"  then comparable with C O a", 
so it is important that the oxygen concentration is limited.
Addition of Ha has three effects: (n) it aids the pre-ionization of the discharge (Smith 
ct al 1975); (h) together with C O  it limits C O 3 dissociation (§4.2 above); (c) after a 
succession of pulses H g O  is formed in the discharge. The model predicts that about 1 % 
H a O  will produce sufficient H ~  to double the negative ion density in the pulse (H " “ 
comparable with C O 3- ) .  Thus, although the first two effects of H a addition are beneficial 
to sealed operation, the third is detrimental and limits Ha addition to small amounts. 
H “ is produced from Ha at a much slower rate than from H a O , thus allowing the addition 
of Ha to flowing lasers in larger amounts.
We have operated a sealed laser with a COa-Na-He-CO-Ha mixture for 10° pulses 
with a diffuse discharge at all times and reduction of only about 15% of the peak pulse 
power and pulse energy over this period. After 10° pulses the COa loss was 12 %, which would 
correspond to a maximum Oa of 1^%, and there would be less if some of it had been 
absorbed on the electrode surfaces.
5. Conclusions
We have experimentally determined that stable long-life sealed diffuse discharge t e a  
laser operation can be obtained in a COa-Na-He laser mixture provided the oxygen 
concentration is less than ^ 2  %, depending on the particular laser, and the water vapour 
concentration is less than 1-3%. Theoretically we have determined that ^% O2 or 2% 
HaO will double the negative ion population. Several authors (Douglas-Hamilton and 
Mani 1974, Kovalev et al 1974, Dyer and James 1975, Velikhov et al 1975) have attrib­
uted discharge instability to negative ion processes and suggested that these can produce 
arcing in t e a  lasers. Quantitative verification of this requires the accurate determination 
of the variation of ionization and attachment coefficients with the discharge E jN  for 
individual COg-Ng-He-CO-Og-Hg-HgO mixtures, something which has yet to be 
attempted. Extrapolation from results or calculations for ‘similar’ COg-Na-He mixtures 
is not satisfactory because of the rapidity with which the ionization and attachment 
coefficients vary with the discharge parameters in typical laser discharges. But one can 
conclude from our work that the t e a  lasers become unstable and arc under the conditions 
when the negative ion population has been calculated to have been significantly increased.
In a C O g - N g - H e  mixture the dominant negative ion is predicted to be C O 3”  with 
//n/iVe^ depending on the gas mixture, being greatest in mixtures with a high C O g  
concentration. In a sealed C O g - N g - H e  mixture when there are also dissociation products 
C O  and O g  the dominant ion is C O 4"  and NnjNo is increased and will be 1 for a mix­
ture rich in C O g , such as that used in uv pre-ionized lasers. The presence of C O  reduces 
the C O g  dissociation such that in the trigger-wire laser with about 20% initial fill of C O g  
the negative ion population is only slightly increased, but it is not clear that in the uv 
pre-ionized laser with a high C O g  concentration the oxygen will be similarly successfully 
controlled.
It '.j
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The presence of NO, NgO and NOg in densities typical of scaled tea lasers ( < 25 ppm '§
NO and NOg, < 75 ppm NgO) has no serious effect on the negative ion chemistry, but i.t
at low pressures (1-20 Torr) NOg" becomes the dominant ion and //n/iVo~ 1.
The addition of Hg leads to the production of H~ in insignificant amounts, but HgO 
is also created in the discharge wliich attaches and produces H" in significant quantities.
Stark et al (1975b) have shown that one advantage of uv pre-ionization is that greater 
peak powers are obtained because the amount of COg in a flowing gas mixture can be 
increased without discharge arcing. However, when such devices are sealed the larger 
amounts of COg may lead to more Og being produced by dissociation, with a consequent 
increase in CO4". The main loss process for this ion is three-body recombination with 
positive ions. This process has similar reaction rates for most ion pairs, so it is unlikely 
that the CO4-  can be suppressed by addition of a suitable additive (unless the COg 
dissociation is further reduced). However, the negative ion population takes 50-100 ns 
to reach its equilibrium value, so, if the electrical discharge can take place in less than 
50 ns, the Nn(Ne ratio will be relatively small during the discharge and the susceptibility 
to arcing will be reduced.
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Appendix
A summary of the rate equations, describing the time development of the various negative 
ion and neutral species is given below. Rate coefficients are denoted by k, with a subscript 
referring to the corresponding reaction in table 1 or table 2 .
«C is the electron density, /jp is the positive ion density. The fraction of molecular 
oxygen in the (^Ag) state is denoted by F. /cgR and ksn are the two-body and three-body 
negative-ion/positive-ion recombination coefficients.
*  [CO2] [0-]+Æ «[C04-] [0 ]+ & w [C 0r] [H]
— (kn  [CO]+ /^43[0] -f k:44[N0] +  /c45[NOg] 4- /c4o[H] +  /cgR«p +  k 3^R[M]/zp)
X [CO3-]
«e(/ci[C02] +/rg[CO] +A3[02]-(-/:4[Na0] 4-^e[N0] +A:o[NOg])
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+  /C3C[0“ ] [ N 0 3 ]  +  /c53[N O ~] [ 0 2 ] - ( / C l 8 [ 0 ]  +  /C li)F [0 2 ]
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Abstract. Negative ions are computed to be formed on a time scale and in quantities such that 
they may be a cause o f plasma instability observed in low pressure electrical discharge 
convection CO ; lasers. In  a typical C0 ;-N ;-H c -H ; 0  laser mixture the principal ions are 
0 0 7 ,0 0 4  and H “  w ith the total negative ion density n_ given by 0.1 <;i^, where is
the electron density : but i f  the gases are re-cycled or i f  there is an air leak N O 7 and N O 7 are 
formed in significant amounts and can become greater than in a time considerably less 
than the gas dwell time in the electrical excitation discharge. 0 0  is effective in reducing n_ in 
a system w ithout re-cycling, but is ineffective in a re-cycled system with the oxides o f nitrogen 
present.
PACS: 42.55D.
In recent years OO; electric discharge convection lasers 
(ED O L’s) have become important as >  5 kW  sources o f 
cw power for welding, cutting, heat treatment etc. The 
0 0 ; is usually mixed with He and N , at a tota l pressure 
o f 10-50 Torr. When the energy deposited in the gas, the 
Discharge Specific Power (DSP) is ~  200-600 kW  per 
kg per s, it is found that the excitation discharge tends to 
become unstable and constrict to an arc and the gas 
dwell time in the discharge must be kept less than 1-  
3 ms. The exact dwell times and DSP’s for instability 
depend on gas turbulence and flow conditioning, but 
are less for a re-cycled gas m ixture than for a m ixture 
discharged only once.
Possible modes o f instability have been extensively 
investigated theoretically [1 -5 ]. Experimentally in­
stabilities may be initiated at an electrode or in the bulk 
o f the gas: but for a lodal instability to develop and 
cause plasma collapse there must be a positive feedback 
mechanism in the bulk medium operative over a time as 
short as the gas dwell time. Nighan [1, 3, 4] has 
analysed a range o f ‘thermal instabilities’ and has 
shown in particular that negative ion species signi­
ficantly affect the growth rate o f thermal instabilities by 
way o f their influence on electron density fluctuations. 
Computed instability growth times agree w ith the 
observed times for diffuse-discharge-to-arc-collapse
times observed in E D C L ’s. However before this type o f 
‘thermal instability’ can occur it is clearly necessary 
both to have a significant density o f negative ions 
present and that these ions should be created in a time 
considerably less than the gas dwell time in the 
discharge.
Comparatively little  work has been done on investigat­
ing the creation and development o f the negative ion 
species, either experimentally or theoretically. Wiegand 
and Nighan [ 6] developed a negative ion computer 
model to show that the principle negative ion in 20 to rr 
o f C O ;-N ;-H e  would be CO7 and that the total 
negative ion density could be greater than the electron 
density. Prince and Garscadden [7 ] measured the 
principle negative ions in the flowing afterglow o f a 
discharge at very low pressures ( ^  1 Torr) o f 
C0 2 -N ;-H e  to be NOT and N O j,  but did not de­
termine the absolute concentrations. Shields et al. [ 8]  
constructed an extensive negative ion model to simulate 
T E A  laser instability conditions and correlated the 
measured discharge instability in a TE A  laser w ith the 
enhancement o f the negative ion density predicted by 
the model for contamination by neutral reaction pro­
ducts or for additive gases: they also showed that for 
the conditions o f Prince and Garscadden [7 ] N O J and 
N O J would be expected to be the principle negative ion
0340-3793/78 /0016/0111/S01.60
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Fig. 1, Variation with time o f the main negative ion species in a 
flowing gas 5-15-80, C O ^ -N ^ -H c  discharge at 15 torr pressure { EjP  
=  5 V c m ” ' to rr“ ')
«-'10
lu 10
Fig. 2. Variation with time of the main negative ion species in a 
flowing gas 5-15-80, C O i-N j-H e  discharge with 1000 ppm H^O at 15 
torr pressure (£ /F  =  5 V c m “ ‘ torr" *)
species. Blctzingcr el al. [9 ] have shown that a low 
pressure discharge becomes unstable w ith the selective 
addition o f the oxides o f nitrogen ( ~  100-500 ppm NO^ 
or N jO , ~  1000 ppm NO).
Wc have modified our negative ion T E A  laser model 
[ 8]  to the typical rapid gas transport low pressure cw 
discharge situation and examined the time development 
o f the various negative ion species from entry in to  the 
discharge, and the changes in the main species as
various additional gases (which arc or might be ex­
pected to be found in significant amounts in a re-cycled 
gas device) are selectively considered. Thus we de­
termine the time development o f negative ions and 
compare it w ith the known range o f instability times for 
sim ilar rapid gas transport discharges (10^-3 x 10  ^ps) 
and we compare the total negative ion density in 
various situations with the electron density: but wc do 
not attempt to show how the negative ions may actually 
bring about the plasma instability: for this sec [1 -5 ].
1. The Negative îon Model
Unless otherwise stated we assume 15 T orr total pres­
sure o f a 5-15-80, C O i-N j-H e  mixture in a steady 
electrical discharge environment described by a con­
stant electron density n,. o f4  x 10'"  cm “  ^and a reduced 
field EjP o f 5 v o ltc m " ‘ T o r r " ' {E is the electric field 
and P is the gas pressure). Individual neutral and 
negative ion peaks arc appropriately designated and 
represents the total negative ion density.
The model has been extensively described in Shields et 
a l [ 8]  and the homogeneous reactions below are 
labelled as in [Ref. 8, Tables 1 and 2]. Heterogeneous 
processes can be ignored since E D C L laser dimensions 
and the gas pressures are such that diffusion to the walls 
o f the laser vessel is negligible for the period o f the gas 
dwell time used. Equations expressing the time develop­
ment o f neutral species CO, O, 0 ^ ,0 ^ ,  H and negative 
ions O " , 0 7 ,  N O ", N O ^ , N O ;, C O }, C O ;. H "  and 
O H " have been solved iteratively using the Runge- 
Ivutta technique w ith an IB M  360/44 computer and a 
step length o f 10-100 ns as appropriate. T  is used to 
represent the time delay from the start o f the discharge 
(or entry o f a flowing gas into the discharge) until the 
negative ion density reaches a specific magnitude, in 
particular T{n^ ,) and T(0.1 n j  are used to designate the 
time for n_ to reach 100% and 10% of/i,., respectively. 
Large values o f T(uJ and 7(0.1 i i j  w ill result in the ratio 
remaining small throughout most o f the time 
spent by the gas in the discharge, delaying the influence 
o f negative ion effects on discharge stability. The 
maximum discharge period used in the computation 
was between 10  ^ and 10"'' ps, being lim ited by the 
availability o f computation time and the need to avoid 
any complications due to significant gas heating by the 
excitation discharge.
2. EDCL without Gas Re-Cycling
Negative ions are formed by several attachment re­
actions, the most important being
e 4- CO •> —^ CO "F O ( 1)
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Figure 1 shows the formation o f the 0 “  and the 
subsequence development w ith time o f other ions by 
ion-neutral reactions
0 -4 -C 0 ^  +  M -> C 0 ^ + M  (58)
C O -+ 0 -^ 0 2  4-002 (43)
0 ; + C 0 2  + M -> C 0 ^ + M  (60)
with CO3 becoming dominant and after
~  loops. The quasi-equilibrium situation is due to a 
balance between the creation o f negative ions by (1) and 
their loss by two-body recombination.
Any realistic laser system w ill be con ta mined with water 
vapour and Fig. 2 illustrates the negative ion temporal 
development w ith 1000 ppm H jO  present. The H "  is 
created when t is small by the dissociative attachment 
reaction
c +  l l2 0 - > H - + 0 H  (7)
and the O H " is formed later by
C 0^ +  H -^ 0 H -+ C 0 2  (46)
when the discharge has had time to form sufficient 
atomic hydrogen by neutral dissociation o f F IjO  (or 
IF ).
Both lug. 1 and 2 show that the total negative ion 
density n_, reaches a value almost equal to the electron 
density, /i,,. However the precise ratio o f /?_//),. achieved 
depends on the prevailing gas discharge conditions, i.e. 
E/P, fig, gas pressure and gas mixture. F irst consider 
varying E/P  and hence the discharge attachment rates 
w ithout altering the gas pressure P or the current (and 
hence n j  : in practice this could only be done by some 
form o f external discharge control, such as electron 
beam or uv radiation ionisation. Figure 3 shows that as 
E/P increases so n_ increases, becoming greater than n ,^ 
and T(0.1 n j  decreases. This is a reflection o f the strong 
dependence o f attachment rates on E/P:- Also in Fig. 3 
the effect o f changing the gas m ixture is shown, as 
[C O 2]  increases and so the production o f 0 “  by (1), so 
the negative ion peaks become larger and the equilib­
rium values are reached faster (n_ increases, T ( 0 . l / i j  
decreases). I f  the total pressure P is increased but the gas 
m ixture and E/P are kept constant there is sim ilar 
behaviour {n_ increases, 7(0.1 n j  decreases), since the 
amount o f CO2 is increased.
I f  is varied (keeping E/P constant) there is little  
change in or the main negative ion peaks but 
7(0.1 n j  does increase slowly as increases.
To summarize, in an E D C L discharge where the CO 2- 
N 2-He gas mixture is not re-cycled the in itia l O '  is 
formed by dissociative attachment from CO2, and CO 7 
becomes the dominant ion by the ion molecule reaction 
(58), Exact composition is not important, unless [C O 2] 
or the discharge E/P is changed. When the E/P is
,11 ;n_
E
TCO-1 ne)
>■H(/)
Z
Q
ZO
1082 4 6
E/P (V c m ~ O o r r “ D
Fig. 3. Dependence o f total negative ion tlcn.sity and tlic time for n . to 
reach 10", o f the electron density on discharge F /P  in -S-I5-S0, C O ,-  
N ,-H ,. (solid lines) and 1.3-9-78. CO y  N ,  lie  (broken lines)
increased, ?î_ increases and 7  decreases due to an 
increase in the rate constant o f reaction (1). Increasing 
[C O 2]  either by increasing its relative concentration or 
by increasing the tota l gas pressure (assuming E/P  and 
n. constant) increases and decreases 7
3. ED C L with Re-Cycled Gas
W ith  convection lasers there is need to re-cycle the gas 
m ixture i f  enormous quantities are not to be consumed. 
On any one cycle through the electrical discharge there 
w ill only be a small amount o f C O , dissociation but 
over many cycles a considerable amount o f O 2 and CO 
w ill be created and a dissociation equilibrium  w ill be 
established. Figure 4 illustrates the situation for an 
arb itrarily  assumed 50% dissociation equilibrium , the 
CO J is suppressed and H “  is now dominant and there 
is an overall n_ decrease. The detailed individual effects 
o f the CO and O j are discussed in Section 4 below.
It is known that small amounts o f the oxides o f nitrogen 
N O 2, N 2O and NO w ill be formed by the discharge 
[11,12] but the exact amounts are very uncertain. We 
assume N O ,, NO  and N ,0  are always present in 
amounts Y'.Y : 7/2 ppm and in Fig. 5, Y is taken to be 
1000 ppm. There is a change from COJ to NO 2 and
114
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Fig. 4. Variation with time o f the main negative ion species in a re­
cycled gas assuming 50", dissociation o f CO^ (i.e. 2^% C O j, 2^% CO, 
U " , O j, 15% N i,  79% He and 1000ppm H iO ) at 15 Torr pressure 
(£ /P  =  5 V c m “ ‘ to rr" ')
NO,"
H"
D IS C HA R GE  TI ME ( gs )
Fig. 5. Variation with time of the main negative ion species in a re­
cycled gas. Conditions arc as in Fig. 4 with the addition o f 1000 ppm 
NO, N O ; and 500 ppm N jO
NO^ as the principle species and [N O T ]  when
/ >  100 ps.
Several attachment and ion-molccuic reactions are 
involved, the main ones being the very fast dissociative 
attachment
e -F N , 0 “ >N, -f O (4)
and the somewhat slower attachment reactions
e-t- N O , N O  -F O '
e -F N O z -F M -^N O '-F M
together w ith the charge exchange processes
0 “ -f N 0 2 ^ N 0 J -f 0
0 r+ N 0 2 -» 0 2  + N 0 [
and
C O )+ N 0 -^ C 0 2  +  N 0 I  
c o r  d-NOz-^CO^ + N O r .
The c o r  H ”  are strongly suppressed by
cor+No->Nor+CO2
H -+ N O ,-^ N O r +  H .
(6)
(H )
(35)
(41)
(44)
(45)
(4S)
(51)
Thus it is clear that all three oxides have a role to play, 
the chief ones being tlie increase in n_ w ith dissociative 
attachment o f N ,0  and the selective production o f 
N O r and N O r w ith NO^ and NO.
The exact amounts o f the oxides present is crucial. Fig. 6 
is a plot o f the variation o f /?_ w irh the amount o f NO.,., 
plotted for t =  100ps and 50% CO ; dissociation; but 
note that w ith only 10% dissociation, and the same NO,, 
amount, there is little  difference. [N O J  =  250ppm 
produces a significant increase in n_ and when [N O  J  
=  1000 ppm, n_ >  From l-'ig. 7 it can be seen that, for 
the same dissociation situations, the negative iop 
concentration builds up much faster as the oxides o f 
nitrogen arc added, so the delay time 7(0 .1 decreases 
from about 100 ps to less than 10 ps and likewise 7 (/iJ  
decreases rapidly. To summarise: oxides o f nitrogen 
w ith [N O J  =  100— 1000 ppm w ill have a strong effect 
on both the total negative ion population and the rate 
o f rise o f the negative ion population. These amounts 
are typical o f those observed to cause instability by 
Blctzingcr et al. [9 ]. From the limited literature avail­
able [ 11, 12]  it is possible that these amounts o f oxides 
o f nitrogen may be produced in a re-cycled system but 
the evidence is inadequate and direct and systematic 
measurements are required.
4. Addition of CO and O^
In Sec. 3 it was noted that dissociation o f C O , and the 
formation o f CO and O , led to the suppression o f CO) 
and FI"’ became the main peak i f  sufficient M ,0  was 
present. Consider the action o f CO and O^ separately: 
first CO.
Fast associative detachment o f O "
O -F CO —» C O , -F e ( 12)
1 7 1
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Fig. 6. Dependence of negative ion density on N O *
concentration in a recycled system; ----------  50% C O ;
dissociation; 10% C O ; dissociation (assuming
N 0 ; : N 0 : N ; 0  =  2:2:1)
Q 1 0
Ox
I 'lg, 7. Dependence of discharge nine required for n . to reach 10", 
and 100"» of tlie electron density on N O * concentration in a re-cycled
system ; ——  50 % C O ; dissociation ;  10 % C O ; dissociation
(assuming N O ; :N O  : N O ; =  2:2:1)
uio
H"
co,-
[co] (% )
L'ig. 8. Dependence o f main negative ion species on CO concentration
in a 5% C O ., 15% N ,, (80 [C O ])%  lie  mixture; ---------  1000 ppm
11; 0 ; -----  200 ppm H ;0
together with the slower 
C'O,, -l-CO->2 C ( \  he (17)
leads to the rapid decrease ofCO^ as CO is added. Fig. 
8  shows the behaviour of the two principle peaks, CO 3 
and H~, for a fresh undissociated CO, gas mixture and
Â
172
116 H. Shields and A. L, S. Smith
H"
Z 10
CO,”
20[CO] (o/o)
Fig, 9. Dependence o f main negative ion species on CO concentration
in a 5%  C O ;, 15% N ;, (80-[C Q ])%  He m ix tu re ;  1000 ppm
H zO, NO , N O 2 , 500 ppm N ^ O ; 1000 ppm H^O
H^O im purity levels o f 200 and 1000 ppm. H “  becomes 
dominant when ~ i %  ( 1000ppm H^O ) or ~ 4 |%  
(200 ppm H^O)^CO is added, and clearly CO is very 
effective in reducing the total negative ion population. 
But w ith the presence o f NO, .^ although COJ is still 
reduced the effect is unimportant since N O J is the 
dominant ion and it is only slightly affected, see Fig. 9. 
This is because the detachment o f an electron from 0 “  
by CO is slower than the conversion o fO “  to N O J and 
N O j in reactions w ith the oxides o f nitrogen. Since CO 
is not known to have any detaching effect on these 
negative ions, no significant change in n_ or T  w ith CO 
addition is observed. Likewise the delay times are 
affected differently, see Fig. 10: when there is no NO^ 
the addition o f a small amount o f CO significantly 
increases T(0.1 n j ,  but w ith more than ~  1 % CO there is 
little  change in n_ because [ H ~ ] > [ C O j ] .  Whereas, 
w ith NO,, present T(0.1nJ and T{nJ both increase 
steadily as CO is added.
Thus in a NO^. free system the addition o f CO 
significantly decreases n_ and increases T. I t  was this 
detaching effect which Wiegand and Nighan [ 6]  noted
Ë 1 0
20[co] (% )
Fig. 10. Dependence of discharge lime required for it_ lo reach 10% 
and 100% of the electron density on CO concentration in a 5 % C O ,,
15 % N ,. (8 0 -[C O ]) % He mixture ; ---------- 1000 ppm H ,0 .  N O . N O j,
500 ppm N j O ;  1000 ppm H^O
and hence they used the amount o f CO, dissociation 
(and hence CO produced) as a stability parameter, but 
both oxygen and the oxides o f nitrogen are also present 
in a recycled system. In a NO,, contaminated system the 
effect o f the addition o f CO is different, n_ is little  
affected although T  is increased considerably, so the 
overall effect w ill be to only delay the onset o f 
instability : this effect may well be small compared to 
the direct harmful effects o f the NO,. (Sec. 3).
Figure 11 shows the effect o f the addition o f oxygen on 
the principle negative ion peaks in systems with (dashed 
lines) and w ithout (solid lines) NO,. W ithout NO,, there 
is a general increase in the peak heights (COJ, COJ, 
O J) due to the additional fast attachment reaction
e +  O ^—^ 0 + 0  (3)
and subsequent ion-molecule reactions. H~ decreases 
due to the associative detachment process
I - r+ 0 2 -> H 0 2 + e . (22)
But w ith N O , the chief peaks, N O J and N O j,  are little  
altered as O 2 is added, since
G T N^O—^N  ^TO  , (20)
is about two orders o f magnitude • •faster than the 
additional attachment reaction (3), for sim ilar O^ and 
N 2O concentrations.
1
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Fig. 11. Dependence o f main negative ion species on O ; concentration
— 1000 ppmin a 5% C O ;, 15% N ;, {80 -[O ;])%  He m ixtu re ;--------
H ; 0 : --------- 1000 ppm H ;0 ,  N O , N O ;, 500 ppm N ; 0
Likewise as might be expected the negative ion rise 
times are affected differently. From Fig. 12, without 
NO .^ T(0 .1nJ and T(nJ are significantly reduced 
whereas with NO,, they are unaffected.
5. General Discussion
Negative ions are created in quantities comparable with 
the electron density in times of 100 to 1000 ps in EDCL 
conditions. Such times are about an order of magnitude 
less than experimental gas residence times in the 
discharge region of these convection lasers. Thus 
conditions exist, especially in the downstream discharge 
region, where plasma non-uniformities could lead to 
the thermal instability predicted by Nighan [ I] .  The 
negative ion densities and their rate of production are 
strongly dependent on the gas composition. The si­
tuations with and without CO^ dissociation are consid­
erably different and the formation of oxides of nitrogen 
and presence of water vapour complicate the analysis.
T(n,
if) 10
Fig. 12. Dependence of discharge time required for n_ to reach 10% 
and 100% of the electron density on O ; concentration in a 5% C O ;,
15 % N ;, (8 0 -[O ;]) % He mixture ; ---------- 1000 ppm H ;0 ,  N O , N O ;
500 ppm N ; 0 ; --------------- 1000 ppm H ; 0
The complexity of modelling a multi-component gas 
mixture, such as that existing after gas re-cycling, is 
indicated in Fig. 13, which summarises the attachment 
and ion-molecule reaction channels of importance: 
negative ion-positive ion recombination is represented 
by grey-shading.
While operation of EDCL’s at high E/P will cause high 
ratios of n^/n^ in both fresh gas and re-cycled gas 
systems, the E/P can be reduced if some form of 
external ionisation is provided. The increase in the 
negative ion density due to accumulation of oxides of 
nitrogen in a re-cycled system is a more serious 
problem. Although the negative ion density can be 
controlled in an uncontaminatcd gas mixture, where 
CO3 dominates, by the detaching effect of CO ad­
dition, this is not the case when oyxidcs of nitrogen arc 
present (see Sec. 4). The accumulation of the oxides of 
nitrogen may result from plasma chemical reactions of 
the nitrogen in a recycled CO^-N^-He gas mixture of 
from air leaks into an initially nitrogen free laser 
mixture.
lis
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Fig. 13. Negalive ion reaction path chart. Dominant reactions are 
indicated by heavy lines and shading indicates species undergoing 
positive ion-negative ion recombination
H2 ON O g
NO-
0H“
An air leak w ill conlaminale a system w ith nitrogen, 
water vapour and oxygen. The harmful effects o f 
nitrogen have been discussed above, but water vapour 
w ill lead to H~ and O H ”  in insignificant amounts,even 
though the 1000 ppm addition o f H^O we have con­
sidered is rather more than might be expected in an 
experimental system. Also it is possible that cluster 
hydrate ions may be formed [13], but at our relatively 
low pressures their formation w ill be slow and w ithin 
the electrical discharge they w ill be quickly broken-up. 
W ith a free system oxygen would produce an
increase in n_ and reduce T, but in a NO^. contaminated 
system both and T  are little  affected. Thus an air 
leak w ill always increase and reduce 7] either 
because o f the direct effect o f the oxygen or because o f 
the subsequent formation o f the oxides o f nitrogen.
Conclusions
Negative ions arc formed on a time scale and in 
quantities such that they may influence the plasma 
stability in E D C L ’s. The presence o f an air leak, or the 
formation o f the oxides o f nitrogen in a recycled system 
increases both the total negative ion concentration and 
its rale o f formation. Thus it is desirable to eliminate 
vacuum system leaks and to either operate w ith a 
nitrogen free mixture or to selectively remove any 
oxides o f nitrogen formed. Dissociation o f COg with 
the formation o f oxygen and carbon monoxide w ill 
only significantly affect the negative ions in a NO^ free
situation. Substitution o f CO for N , in recycled gas 
E D C L’s w ill eliminate the presence o f N0^„ maintain a 
low COg dissociation loss [14], and still allow efficient 
near-resonant pumping o f the COg(OOl) upper laser 
level.
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8 .1  SUMMARY
Tlie advancement o f  plasm a k in e t ic  m o d e llin g  o f la s e r  d ischarges
is  r e s t r ic t e d  a t  p re s e n t by th e  u n a v a i la b i l i t y  o f  e s s e n t ia l  d a ta .
In  p a r t ic u la r ,  a r e l i a b l e ,  comprehensive de te rm in a tio n  o f the p o s it iv e  cod 
n e g a tiv e  io n  processes o p e ra tin g  in  the la s e r  d ischarge and the m ajor 
ion  sp ec ies  r e s u lt in g  from  these processes is  re q u ire d . Th is  th e s is  has 
examined these io n  processes and m ajor io n  species d e n s it ie s  in  d e t a i l  fo r  
co n d itio n s  t y p ic a l  o f  p r a c t ic a l  CO  ^ la s e r s .
P o s it iv e  io n  species  in  a CO^  la s e r  d ischarge o f  the c o n ven tio n a l
a x ia l  f lo w  type have beengmaasured u s in g  m a s s -s p e c tro m c tric  te  clin iques. 
These ions h,ave been sampled d i r e c t ly  from the p o s it iv e  column o f  the  
d iscK arg e , R esu lts  p resen ted  in  c h a p te r 4 have shov-m th a t NO is  the
dominant p o s it iv e  io n  in  a 6—12'-82, m ix tu re  over the 2—20 t o r r
p ressure  ran g e , f o r  a gas res id e n c e  tim e in  lire d ischarge o f g re a te r  chan 
100 ms. However, when a s m a ll amount o f  hydrogen is  p re s e n t (1.5% ) , ions  
of the H^O^, (H^ 0) ^ ( n = 0 , l ,2 )  s e r ie s  dominate u n d e rm o s t c o n d itio n s .
A n alys is  o f  the  v a r ia t io n  o f  p o s it iv e  io n  species  in  the d ischarge  
w ith  c u r re n t , p ressure  and gas flo w  r a te  has le d  to  the fo llo w in g  re a c tio n  
s cheme,
^^2 ^2 . N O
 > CO  ^ -^--------------- > 0^ -^------------- >  NOe
H^O
V  V
HCO.t----------------- >  H o t  It— H otClhO ) .J L _ >
H^O ^
Th is  scheme in d ic a te s  th e  im portance o f  r e s id u a l im p u r it ie s  (11.-,0) 
and d ischarge-produced  im p u r it ie s  (0 ^ ,N0) on the io n  ch e m is try . A ls o , t  
r e s u lta n t  io n  species  (NO and H.^0 ; (N^O) ) are produced from  a s e r ie s  o
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ra p id  io n -m o lec u le  re a c tio n s  r a th e r  than from d ire c t  io n is a t io n  oo puin r
N eg ative  ion  species and t h e i r  d e n s it ie s  in  CO,, TOA la s e r  and i.DCL d i.; -  
charges have been determ ined c o m p u ta tio n a lly . Re si: I t s  fo r  the TEA la s e r  
show th a t  tlie r a t io  o f n e g a tiv e  io n  d e n s ity  to e le c tro n  d e n s ity  reacnes 
V 0 .05  fo r  a 1 0 -1 0 -8 0 , C02*“N2'^He gas m ix tu re . Tlie presence o f g re a te r  
than 0.5% 0^ or 2% H^O in  the gas m ix tu re  s ig n i f ic a n t ly  in crease s  the 
n e g a tiv e  ion  d e n s ity  (by a t  le a s t  a fa c to r  o f tioo) . Dominant n e g a tiv e  ions  
are CO  ^ fo r  a ’’ c lean ” gas , 00^ f o r  g re a te r  than 0.5% 0,^  c o n ta m in a tio n , 
and 11 and 00^ fo r  2% w a te r  vapour co n tam in a tio n .
The th e o r e t ic a l  c a lc u la t io n s  o f n e g a tiv e  io n  d e n s it ie s  have been 
conçared w ith  e x p e rim e n ta l re s u lts  o b ta in ed  in  a 00,  ^ TEA la s e r .  Oxygen 
a d d it io n  to  a flo w in g  C02'-N2” "^ ® gas m ix where the gas is  com ple te ly  re p laced  
between p u ls e s , has shown th a t a rc in g  ( i e  d ischarge i n s t a b i l i t y )  commences 
when 0 .5  -  2% O2  is  p re s e n t , the e x a c t amount depending on the CO,^  :N2  :He 
ra t io s  in  the m ix tu re . This c o rre la te s  w e ll  w ith  c a lc u la te d  in creases  
in  the n e g a tiv e  io n  d e n s ity  w ith  0^ p re s e n t, and confirm s the in flu e n c e  
o f  n e g a tiv e  ions on plasma s t a b i l i t y .
The e f f e c t  o f R2 O a d d it io n  to  an e x p e rim e n ta l system has been 
determ ined by adding H2  to a s e a le d  la s e r .  The H^O is  formed by plasm a- 
chem ical re a c tio n  and has been c a lc u la te d  to  c o n s t itu te  ^ 1-3% o f the gas 
m ix \fhen a rc in g  commences. As fo r  O2  , the e x a c t amount depends on the 
gas m ix tu re .
S ince the fo rm atio n  o f  n e g a tiv e  io n s , and the a ss o c ia te d  drscharge  
a rc in g , is  enhanced by - the presence o f  O2 , f o r  a l o n g - l i f e ,  a r c - f r e e ,  
sea led  CO2  TEA the amount o f O2  formed from CO2  d is s o c ia t io n  must be 
l im ite d  to  < 1%, This may be ach ieved  by ju d ic ia l  a d d it io n  o f CO and Hr, 
as discussed in  chapter 6 ,
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N eg ativ e  io n  d e n s it ie s  in  an EDCL discharge have been c a ic u la te a  to r
-2  „a 5 -1 5 ” 80p CO^-N^^He gas m ix tu re  a t  15 t o r r  and 20 mA cm . When fresh  
gas is  flow ed through the la s e r  the dominant n e g a tiv e  io n  is  CO  ^ , w ith  a 
pealc d e n s ity  o f w 0 .5  tim es the e le c tro n  d e n s ity , hPnen the gas is  
re  c irc u la te d  p and contam inants such as 0 ^ , CO and oxides o f  n itro g e n  have 
accumulated due to  p lasm a-chem ical r e a c t io n s , the ions NO  ^ and NO. 
dom inate. In  t l i is  case the n e g a tiv e  io n  d e n s ity  exceeds the e le c tro n  
d e n s ity  fo r  > 0,1% oxides o f  n itro g e n  in  the gas.
The n e g a tiv e  ions are formed on a tim e s ca le  w hich c o rre la te s  w ith  
the onset o f plasma s t a b i l i t i e s  in  e xp e rim e n ta l d e v ic e s , as re p o rte d  in  
the l i t e r a t u r e .  A ls o , the  f a s te r  developm ent o f n e g a tiv e  ions in  a 
re c irc u la te d -g a s  system is  c o n s is te n t w ith  the more ra p id  in s t a b i l i t y  
growth r a te  observed in  e x p e rim e n ta l devices em ploying r e c ir c u la t io n .
An im p o rta n t fe a tu re  o f b o th  the  p o s it iv e  and n e g a tiv e  r e s u lts  is  the  
in f lu e n c e  o f i r p u r i t y  n e u t r a l  s p e c ie s . In  p a r t ic u la r ,  0 ^ , H^O and the  
oxides o f n itro g e n  p la y  im p o rta n t ro le s  in  the ion  ch em istry  o f  the d ischarge, 
Oxygen and oxides o f n itro g e n  are formed by plasma chem ical processes in  
sea led  la s e r  system s. W ater vapour may be an a d d it iv e  to  the b a s ic  
CQ2 ~'N2 “'He m ix o r  may be a re s id u a l im p u r ity . O th er im p u r ity  species w hich  
may e x is t  in  a p r a c t ic a l  la s e r  system , due to  re s id u a l pump o i l  vapour, 
o utgassing  from  components, le a k s , etCp may c o n s id erab ly  a l t e r  the io n  
sp e c ie s . However, the re p o rte d  re s u lts  are b e lie v e d  to  be re p re s e n ta t iv e  
of an i n i t i a l l y  c lean system.
The r e s u lts  o f experim ents and analyses o f io n  p ro d u c tio n  and loss  
processes re p o rte d  in  th is  th e s is  a llo w  the in c lu s io n  o f  r e a l i s t i c  io n  
species and d e n s it ie s  in  CO^  la s e r  models w ith  g re a te r  c e r ta in ty  th  
h i t h e r t o  been p o s s ib le . The g e n e ra l p r in c ip le s  fo r  d e te rm in in g  p o s i t i v
100
ions by mass sp ectro m etry  and n e g a tiv e  ions by com putation can be a p p lie d  
to o th e r  discharge-pum ped gas la s e r  systems.
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Appendix I  -  The Io n is a t io n  I n s t a b i l i t y  C r i t e r io n
Tlie i n s t a b i l i t y  c r i t e r io n  fo r  the occurrence o f io n is a t io n  i n s t a b i l i t y  
is  d eriv ed  in. th is  appendix* The d e riv a tio n , in  c lo s e ly  bated  t-i* th a t  
o f N igh  an (1976) , b u t the m athem atics is  p resen ted  in  g re a te r  d e t a i l ,
The co n servatio n  equations f o r  e le c tro n s  and n e g a tiv e  ions are 
dn
k  Nn ^ k jN n  a e d ' k  n n -i- NS r  e -3-
dn_
"dtT
( A . l )
k  Nn a e k  ,Nn d
Assuming s m a ll f lu c tu a t io n s  in  the e le c tro n  and n e g a tiv e  io n
iw td e n s it ie s  o f  the form  dn = n , e e . - k and q u a s in e u t r a l i ty  in  the
plasma Cn^ — n^ ^ n^) , the p e rtu rb e d  form  o f ( A , l )  is
— dn k.N -  k  N -  k^n . e-  k  n dne X a r  -y r e
""9k. .3k
-3- Nne
1
9E
a
3E dE
k ,N -  k n I d r  ei
dn Ciw) =  dn [k  N -  k^n j — dn Ik ,N k'^n ^  k^n, -  e a r - - |  — d r  — r  -
3k a
(A. 2)
dE is  the f lu c tu a t io n  in  e l e c t r i c  f i e l d  asso c ia ted  w ith  the charge 
d e n s ity  f lu c tu a t io n .
S e ve ra l m a n ip u la tio n s  are  necessary  to  eq u atio n  (A ,2) to  y ie ld  a 
s im p le r form . The f i r s t  in v o lv e s  th e  s tead y  s ta te  form  o f equations ( A . l ) „ 
ie  e q u a tin g  tim e d e r iv a t iv e s  to  ze ro . Thus ;
k .N  -  k  N -  k  n, 
1  a r  -3-
and
k .N n  ^  NSj d -  j
k^N + Ln k  Nn I a e
LA. a;
The second s im p l i f ic a t io n  in v o lv e s  the p a r t i a l  d e r iv a t iv e s ,  ÿ r ,
1 8 2
Putting:
a n d
then
du 1u = in  k , cEc “ k
dv 1V — in  E , E
dk _ dk , du dv
dE ”  du dv dE
(A . 4)
k  d(£n k ) 
E cR%n E)
k k  
/sThe n o ta t io n  k  is  thus used to  in d ic a te  a lo g a r ith m ic  d e r iv a t iv e ,  
Equations (A .2) then become
dn
n^Ciw) -=
dn
na n
dn ! n
n a ^  A I- _J
) '1 (SEs- N I k .  k . — k  k  j '=— I 1  1 a a J E (A .5 )
. dn d n
n C i w )  ^
a
na
dn^
n^
N
n
n n ]
k^  ^ -S ' N k {n^ . r  n_^  a|
A
n
The c o e f f ic ie n ts  in  e q u atio n s  (A ,5) are  w r i t t e n  in  terms o f  the 
c h a r a c te r is t ic  tim es f o r  the v a rio u s  processes . Thus — (N ,
=  CN T^ , =  Cn^ , and r ^ -=  (n^. k ^ )^ ^  are the ty p ic a l  time
scales o f  the a tta ch m e n t, detachm ent, e le c t ro n - io n  re  com bination and 
io n —io n  recom bination  processes (Haas (1 9 7 3 ) ) .
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To s im p lify  the subsequent a lg e b ra  i t  is  convenient to  re p re s e n t the  
c o e f f ic ie n ts  o f the p e rtu rb e d  q u a n t it ie s  in  eq u atio n  (A ,5) by
A,
n e 1 e n_^n kn ^ n
~n
Nk ,
e
n
n d n .
-  ® -r
n . k
(A.6)
“ e '^e —  Nk "  —  nn a n . :  a- .
Ag = n , -3- r  nj- —
N - ^ k  k  n^ a a 1
N k
1
J
Thus, equations (A ,5) become, 
dn dn
^ C i i o ) =  ~A^
e e A
(A . 7)
«n_ 0"^ gg
—  Cioi) =  A^ —  "A_ —  ■■=>■ Ag-g . 
e “*•
dn
S u b s t itu t io n , f o r n from  the  second e q u a tio n  in to  the f i r s t ,  and
s o lv in g  in  terms o f  Ciw) y ie ld s
(iw ) “ -3* -t A^ -  A^ gdE "e (ÎM) + A Ag -  AjA^ -C Ayg + A 3A .)-^ '-g |-
U  L
= 0 ( a . s)
iwiN o tin g  th a t  the p e r tu rb a t io n  was assumed to have the form  ve , then  
a p o s it iv e  Ciw) w i l l  r e s u l t  in  tem pora l a m p lif ic a t io n  o f  a d is tu rb a n c e .
The ro o ts  o f eq u atio n  ( A ,8) are  g iven  by 
Ciw) ^  % Crb -> ,/b^  -4 c  ) CA,9)
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where
e . ( A ,10)
dE '*eand c A^Ag "^3^5  ^ E " dn^
S e v e ra l p o s s ib le  s itu a t io n s  e x is t  where i n s t a b i l i t y  may o c cu r, 
ie  Ciw) > 0  CEor exam ple, when b < 0 , o r  when b and c are o f op p o site  
s ig n ) .  Having assumed p e rtu rb a tio n s  in  b o th  e le c tro n  and n e g a tiv e  ion  
d e n s it ie s ,  the roots, o f  eq u a tio n  CA,9) w i l l  correspond to  i n s t a b i l i t y  in  
e le c tro n  d e n s ity  ( Io n is a t io n  i n s t a b i l i t y )  o r  i n s t a b i l i t y  in  n e g a tiv e  
ion  d e n s ity  C aegative  io n  i n s t a b i l i t y )  o r i n s t a b i l i t y  in  b o th  d e n s it ie s  
s im u lta n e o u s ly . The ro o t corresponding to  a tem poral growth in  e le c tro n  
d e n s ity  Cie th a t  causing io n is a t io n  i n s t a b i l i t y )  may be id e n t i f i e d  by 
co n s id e rin g  a plasm a v rith  no n e g a tiv e  ions p re s e n t. Thus n^ = =  k.^ = 0 ,
and equations CA,6 ) y ie ld
^  - e
A
A j -= N k.^ k .
4%-= A4  = A3  =  A  ^ =  0  .
S u b s t itu t io n  from  (A .11) in to  CA.IO) g ives
_ ^ e ^
and c — 0 ,
Thus, from e q u a tio n  CA.9) the ro o ts  are Ciw) ~  0 (no i n s t a b i l i t y )  o r  
Ciw) — -  b . The c o n d itio n  fo r  i n s t a b i l i t y  is  then  th a t  -b  > 0 , and the  
io n is a t io n  i n s t a b i l i t y  mode is  then id e n t i f i e d  w ith  th e  c o n d itio n  b < 0 .
R e tu rn in g  to  the case where n e g a tiv e  ions are p re s e n t , the c o n d itio n  
fo r  i n s t a b i l i t y  th a t b < 0 ,  y ie ld s ,  from  CA, 10)
— A■5 h  ^ h  1^'  ï  " °
ie  from equations (A ,6)
dE ^e 
E ' dn N
A Ak . k .  -  k  k
a  a
- ^ n i  k^ " +  Nk +n , -3- r  n a n_ -> . e a
n n
n.k: +  - ^ N k  I > 04 ' ——  J ---------- 1\ IS. 8n , a- r  n a;^ -  J
.2 )
E quation  ( A ,12) p resen ts  the  c r i t e r io n  fo r  the occurrence o f io n is a t io n  
i n s t a b i l i t y .  The c o n d itio n s  under w hich such an i n s t a b i l i t y  may m a n ife s t  
i t s e l f  in  a CO^  la s e r  d ischarge are d iscussed in  d e t a i l  in  s e c tio n  1 ,5 ,1 ,
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Aonendix 2 -  The Therm al In s t n b i l t y  C rite r io n .
The hydrodynamic equations d e s c rib in g  n e u tr a l  p a r t ic le  co n serva tio n  
and co n serva tio n  o f t r a n s la t io n a l  and v ib r a t io n a l  energy d e n s ity  in  a 
m ixtu re  o f  d ia to m ic  m o le c u la r  and atom ic gases are (N ighan (1 9 7 6 ) ) ,
^ N  V^na= 0 (3 .1 )
d CN0„) 2 r  n
' *  (Ne^ 4. P )V ,u  -= K V T  » ^ S y C T y ) - e ^ C T ^ j  + E _ J E  (B .2 )
Dt ^ CN & n)V,u-= EhJE -  l&nCT^) -  G^Crfl (5 .3o;
i a  the  d e n s ity  o f  m o le c u la r  species in  th e  gas, is  the  c h a r a c te r is t ic
in  th e  equations, ( B . l )  -  CB.3) J ijD t ^  3731 3- _u.v is  the convective  
d e r iv a t iv e  (see  f o r  example Pao (1 9 6 7 ) ) ,  The n e u tr a l  p a r t ic le  d e n s ity  is  
N , u is  the mass averaged gas f lo w  v e lo c i t y ,  P is  the  gas p re s s u re ,
K is  the c o e f f ic ie n t  o f th erm al c o n d u c t iv ity , T is  th e  gas te m p e ra tu re ,
N
tim e o f v ib r a t io n a l—t r a n s la t io n a l  energy r e la x a t io n ,  and E» are the  
fra c t io n s  o f  in p u t power d e n s ity  (JE) coupled to  t r a n s la t io n a l  and 
v ib r a t io n a l  h e a tin g  o f  the gas. The v ib r a t io n a l  p o p u la tio n  o f the m o le c u la r  
spec ies  is  assumed to  have a Boltzmann d is t r ib u t io n  amongst the v ib r a t io n a l  
energy le v e ls ,  c h a ra c te r is e d  by a v ib r a t io n a l  tem perature  T^, Thus the  
average v ib r a t io n a l  energy p er m olecu le  is  g iven  by (N ighan (19 7 7 ))
e x p ((^ k T .^ )- l '
where E. is  th e  v ib r a t io n a l  energy quantum. The average t r a n s la t io n a l -  
r o t a t io n a l  energy p e r  p a r t ic le  is
-  (?
T r a n s la t io n a l  and r o ta t io n a l  en e rg ie s  are assumed to  be in
1 8 7
e q u ilib r iu m  a t the gas tem p era tu re  1 \ and are f r a c t io n s  c i atom ic
and m o le c u la r species and k  is. Boltzmann^s co n stan t.
In  eq u atio n  ( B . l )  the d e r iv a t iv e  may be expanded so th a t  the eq u atio n  
becomes
9N
at u,VN 4- N V «u— Op
or
V. =  0 (5 .6 )
The f i r s t  term  in  (B .6 ) rep res en ts  the tem poral r a te  o f change o f the
d e n s ity  o f  gas, p a r t ic le s  w h ile  the second describes the  n e t  cliange in
p a r t ic le  f lu x  in to  the volum e, W ith  no sources o r s inks o f p a r t ic le s
in  the volum e, and no change in  f lo w  o f  p a r t ic le s  in t o  th e  d ischarge
volum e, th e  d e n s ity  o f p a r t ic le s  in  the volume is  co n stan t.
S im i la r ly ,  the n e t  r a t e  o f change o f  t r a n s la t io n a l—r o t a t io n a l  energy
and v ib r a t io n a l  energy  is  g ive n  by the  l e f t  hand s ides in  equations (B .2 )
2and ( B ,3 ) ,  In  eq u a tio n  C B ,2 ), the term  KV T re p res en ts  the  conduction o f  
h e a t from  the d ischarge  by th e rm a l d if fu s io n .  The terms and h.JE
re p re s e n t the f r a c t io n a l  v o lu m e tr ic  ra te  o f  energy in p u t  in to  gas h e a tin g  
and v ib r a t io n a l  e x c i t a t io n ,  r e s p e c t iv e ly .  The q u a n t ity  | e^CT^^)-'e^^(T^ 
re p resen ts  the average energy d if fé re n c e  p er m o lecu le  between a v ib r a t io n a l ly  
e x c ite d  and a ground s ta te  m o le c u le ; thus |c.yCTy)-Cy(T) '/"-yp rep res en ts  
the  r a te  o f energy t r a n s fe r  between v ib r a t io n a l  and t r a n s la t io n a l  m otion . 
Hence, terms on the r ig h t  hand s id es  o f  equations  (B .2 ) and (B .3 )  
describ e  tlie  means by w hich gas h e a tin g  and v ib r a t io n a l  e x c i ta t io n  are 
produced and d is s ip a te d ,
B efore  c o n s id e rin g  the e f f e c t  o f  coupled p e r tu rb a tio n s  in  gas d e n s ity ,  
t r a n s la t io n a l  and v ib r a t io n a l  tem peratures  and t h e i r  e f f e c t  on the e le c tro n  
d e n s ity , s e v e ra l comments are re q u ire d , F i r s t ,  the gas p ressure
1 8 8
(P “  NkT) w i l l  be assumed to rem ain const m it during  the ;e r in r u . . t .  on 
(Haas (19 7 3 ) ) ,  Thus d e n s ity  and gas tem perature  pe r tu tb  a t Ions ate  
r e la te d  by ôN/N =  -d T /T , Second, the v ib r a t io n a l  r e la x a t io n  time 
is  assumed to  be in v e r s e ly  p ro p o r t io n a l to gas d e n s ity  and to  depend, rn  
some w ay, on gas tem peratu re  ie  T,r,„  ^ ~  N f (T )  » T h ir d ,  the t ra c t io n s  
o f in p u t power d e n s ity  in to  t r a n s la t io n a l  h e a tin g  (F^.JE) and v ib r a t io n a l  
h e a tin g  (E^JE) are assumed to  depend on c o ll is io n s  between e le c tro n s  and 
n e u tra l p a r t ic le s .  In  th is  way energy from  the e l e c t r i c  f i e ld  is  coupled  
in to  t r a n s la t io n a l  and v ib r a t io n a l  e x c i t a t io n ,  and the e f f e c t  o f io n -  
n e u tra l p a r t ic le  c o ll is io n s  is  n e g le c te d . Thus and E ,^uS are
p ro p o r t io n a l to  n^N and depend on the d ischarge E/N r a t io  (see f ig u r e  3 ,1  
and s e c tio n  1 ,3 ,1 ) ,  F in a l ly  s in ce  e le c tro n s  may gain  energy from the 
e le c t r ic  f i e l d  and lose energy in  c o ll is io n s  on a tim e s c a le  w hich is  
ra p id  in  comparison w ith  n e u tr a l  p a r t ic le  p rocesses , the mean e le c tro n  
energy ( i e  the d ischarge E/N ) is  assumed to  a d ju s t i t s e l f  to any sm all 
change in  N , T or T^ s u f f ic ie n t ly  q u ic k ly  th a t  i t  may be regarded as 
h aving  co rre c te d  i t s e l f  b e fo re  any s ig n i f ic a n t  growth or damping o f  the 
d e n s ity  or tem perature  f lu c tu a t io n  occurs . Thus the e le c tro n  energy is  
considered constan t during  gas d e n s ity  or tem perature  f lu c tu a t io n s  
(Haas (1 9 7 3 ) ) .
C onsidering  a p e r tu rb a t io n  in  gas. d e n s ity  5N, and a r e s u lta n t  flo w  
v e lo c i t y  p e r tu rb a t io n  du , the p a r t ic le  co n servatio n  eq u a tio n  (3 ,1 )  
y ie ld s  the p e rtu rb e d  fprm
4- N V.du -  0 , (B .7 )
The v e lo c i ty  p r o f i l e  is  assumed un ifo rm  ( i e  0) fo r  v o lurm-domlt _ u
d ischarges t y p ic a l  o f h ig h  power m o le cu la r la s e rs .
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Proceed ing  to  t r e a t  f lu c tu a t io n s  in  gas d e n s ity , e le c tro n  d e n s ity , 
gas tem perature and v ib r a t io n a l  tem perature  in  the same w ay, equations  
(B .2 ) and (B .3 ) y ie ld ,
^ D ( ^ )  ^ +  CN e j  +  N k T )V .£ u .
“  K v isT ) + ^  b y o p  -  ^ -af^, [y C ip  -
N„ -+ -iH 5 e„ (T  ) -  e„CT)i + (3 .8 )
W r  I T  ^ ^ J ^
DC.Se ) D(«N )
h — D ï ï ^  -  —  "  h  T
6N . N _
N
"  4  '  ^
I t  i s  now assumed th a t  any f r a c t io n a l  p e r tu rb a t io n  in  m o lec u la r  
d e n s ity  is  eq u a l to  th a t  in  t o t a l  gas d e n s ity , ie  dN /N ^  == oN/N. A ls o , the  
s p e c if ic  h e a ts , and Cp are in tro d u c e d  where
(th u s  =  CyT from  eq u atio n  (B .5 ) )
7 P
3e.j
C7 ~ 31..
,3e^
7
“  T qand CL =  Y CL, =  C_. k
(where y is  the r a t io  o f s p e c i f ic  h ea ts  and k  is  B o ltzm ann 's  constan t) 
From eq u atio n  (B .7 ) the s u b s t itu t io n  7 . du — -  ^  111. -nay be made in——  iNi s J  C
” 1(B .8 ) and (B .9 ) and s in ce  i t  is  assumed th a t  r .^  =  N f ( I ) ,  then
1 d N f (T )  + N d f ( T )  . F in a l ly  s in ce  the energy f ra c t io n s  in p u t  to
tr a n s la t io n  and v ib r a t io n  are p ro p o r t io n a l to  the gas number d e n s ity  an 
e le c tro n  d e n s ity , then
i9 0
dCFyJE) d C y E )  dn
CF^JE) (F^JE) N n^
W ith  these s u b s t i tu t io n s ,  equations (B .8 ) and (B .9 ) become
^  K V^CdT) 'y  D t Y P D t
h o p  "  e ^ T ) ]  (2 | i  -  L .  f )  6 q  -  < ( T )  8TT,'VT
o,.* . dn
+ c q J E i + - X )  (B . 10)
e
jc ^ C ip  iT ^  -  C^CT) « i j  + C q JS ) ( T L - W )  . ( 3 .1 1 )
In  the above equations (B .IO ) and ( B . l l )  the n o ta t io n
y\ d(^n T.y,j,) rp • ^ *"yY
^7T "  d l w l  "  " d f ~
is  used to  in d ic a te  the lo g a r ith m ic  d e r iv a t iv e  o f  w ith  re sp ec t to  
gas te m p e ra tu re . Thus Tyj, in d ic a te s  the  gas tem p eratu re  dependence o f  tna 
v ib r a t io n a l  r e la x a t io n  r a te  (eg Tym «  T “* g ives (ryn. =  ~3) .
Assuming p e r tu rb a tio n s  in  the gas tem perature are r e la t e d  to  gas 
d e n s ity  p e r tu rb a tio n s  by dN/N •== — dT/T ( i e  constant p ressu re ) , the  
equations (B .IO ) and ( B . l l )  may be l in e a r is e d  by ta k in g  p e r tu rb a tio n s  o f  
the form  e^^^^ (see Appendix 1 ) .  Thus e q u a tio n s (B . 10) and ( B . l l )  y i e l d ,
a f t e r  some s im p l i f ic a t io n ,
d T ,. . _  dT r? 1 .Ê Ig.<iw) T N Cp T  ^ "^ VT^  T
Nm V '^ 7 ; -  ^r"' T. yC ( ( T j d T ^ y  -  C,((T)dTj -  4- i)b,, (. , 1 2 )
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- x r - C l w )  =  ——  r ;    --------*-------- L?- y r . , 0  —
^ V m < ( V ^ V
„  -  C ^ (T )æJ  __. V : _ _  A _  N  ^ . (B . 13)
These equations  may be f u r t h e r  s im p l i f ie d  by making use o f the stcacy  
s ta te  form o f the  v ib r a t io n a l  energy eq u atio n  (B .3 ) ( i e  l e f t  hand s ide  
set eq u a l to  z e r o ) ,
Tyrp SyCTy) -  &yCT)l ^  EyJE. (B ,1 4 )
A ls o , s in ce  the v ib r a t io n a l  tem perature  Th is  much g re a te r  than the  gas 
tem p era tu re  T , f o r  th e  n o n -e q u ilib r iu m  co n d itio n s  o f a m o le cu la r gas
d is c h a rg e , from eq u a tio n  (B ,4 )  Sy(Ty) is  much g re a te r  than S y (T ).
V VThus CyCT) may be n e g le c te d  in  comparison w ith  Cy(Ty) ,
Equations (B , 12) and (B .1 3 ) become
6T r -  \  , 6T ^ . 6T  ^ . dT
f  ^  ^2 T 3  ^ 4 T
,2
where  ^ Klc
*1  =
(3 ,1 5 )
"yr
NCpT
V *  !L ,
p y E ( .2  4- i ^ )
L   ''--yr Jg _  ^  '"''-"'"Ty-' —
BL =  -  1
^ "^yT
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C it  is  assumed in  d e r iv in g  the c o e f f ic ie n ts  and th a t  any in s t a b i l i t y
w i l l  be such th a t  the maximum f r a c t io n a l  change in  e le c tro n  d e n s ity
Cdn 7n ) w i l l  accompany a change in  gas number d e n s ity  (5N /N ) and the
term  C - ^ )  > 1 . )  
e
The f r a c t io n a l  tem perature  p e r tu rb a tio n s  dT /T  and dTy/Ty may be 
e lim in a te d  from  equations (3 ,1 5 )  to  y ie ld  a q u a d ra tic  eq u atio n  fo r  the  
i n s t a b i l i t y  grow th r a t e ,  w (see Appendix 1 ) ,  Thus the ro o ts  are
^ ^  ^  — 4c (B. 17)
where b =  An ^ A_ ^ A, ^ B„
 ^  ^ 4 Z (2 ,1 8 )
and c — B  ^(A . ^  ^  ^  A^) -  A^(B., ^B^)
As surdon g alm ost a l l  in p u t power is  d is s ip a te d  as gas h e a tin g  or v ib r a t io n a l  
e x c ita t io n  ( i e  4- Ey -  1) then the c o e f f ic ie n ts  b and c are
r  „ . .NCpT ^  dn
b -  (NCpT)"-^ iK k^^T j- Ty^) + E^JE ( -Y ^  , ; ^ ) j  (3 ,1 9 )
L yT e B
W C T ) ' ' ( -  Sn -
"^ yr L e J
C onditions corresponding  to  tem pora l growth o f an i n i t i a l  d is tu rb an ce  
in  gas d e n s ity  or tem perature  (m>0) are  such th a t  e i t h e r  b < 0 , or b and 
c are  o f opposite  s ign  (see Appendix 1 ) .  These two i n s t a b i l i t y  modes 
may be id e n t i f i e d  by s e t t in g  the in p u t  power d e n s ity  (JE) eq u a l to  ze ro . 
Thus, equations (B , 19) and (B ,2 0 ) y ie ld
NCp
(3,21)
1 9 5
S u b s t itu t io n  o f  (5 .2 1 )  in t o  (5 ,1 7 )  shows th a t  the two ro o ts  when JE == 0
are -  Kk'^/NC^ and - l / t y ^ .  The f i r s t  ro o t (-K k '^ /N C ^ ) is  the ra te  a t
w hich th erm al d is tu rb an ces  are damped by h ea t conduction. The second
ro o t (-l/X y^p ) is  the ra te  a t which p e r tu rb a tio n s  in  the v ib r a t io n a l
e q u ilib r iu m  are damped by. v ib r a t io n a l—tr a n s la t io n a l  r e la x a t io n .  Thus,
when JE ^  0 , the ro o ts  o f  e q u a tio n  (5 ,1 7 )  correspond to  e i t h e r  growth
(w>0) o r damping (w<0) o f  therm al o r v ib r a t io n a l  d is tu rb a n c e s .
Therm al i n s t a b i l i t y  (te m p o ra l growth o f T) and v ib r a t io n a l
i n s t a b i l i t y  (tem p o ra l growth o f Ty) may occur in d iv id u a l ly  o r s im u ltan eo u s ly ,
% en  b is  n e g a tiv e  and c is  p o s it iv e  then b o th  roo ts  o f e q u a tio n  (5 ,1 7 )
w i l l  be p o s it iv e  (s im u ltaneous i n s t a b i l i t i e s ) , b u t when b and c are
b o th  n e g a t iv e , o r b is  p o s it iv e  and c is  n e g a t iv e , on ly  one i n s t a b i l i t y
occurs. By co n s id erin g  th e  case o f  an atom ic gas o n ly  (Ey 0 , <*)
then eq u atio n  (5 ,2 0 )  shows th a t  c — 0 when no v ib r a t io n a l  e x c i ta t io n  can
occur, Tlrus, s ince  o n ly  th e rm a l in s t a b i l i t y  is  p o s s ib le , th is  i n s t a b i l i t y
must correspond to  the case when b < 0 , Hence, when b < 0 ,  the therm al
i n s t a b i l i t y  grows; when b > 0 , c < 0 ,  the v ib r a t io n a l  in s t a b i l i t y  grows and
when b < 0 ,  c > 0 ,  b o th  i n s t a b i l i t i e s  can occur s im u lta n e o u s ly .
As is  discussed in  s e c tio n  1 ,5 ,2 ,  the occurrence o f  the therm al
• •i n s t a b i l i t y  re q u ire s  th a t  (—^  . ^ )  < 0 ,  o th erw ise  the  c o n d itio n  b < 0
a
cannot be f u l f i l l e d .  C a lc u la tio n s  (N ighan and W iegand, (1 9 7 4 ))  have
shovni th a t  such a req u irem en t may be r e a d i ly  s a t is f ie d  fo r  CO  ^ la s e r
d ischarges . Indeed  the response o f th e  e le c tro n  d e n s ity  to  gas d e n s ity
dn^ N
p e rtu rb a tio n s  is  so g re a t (--^^ , v -  100) th a t  the va lu e  o f c in
a
eq u atio n  (5 ,2 0 )  is  alm ost always n e g a t iv e . S im i la r ly  the e f f e c t  o f the 
e N( - ^  , Y^) te rm  in  e q u a tio n  (5 ,1 9 )  is  such th a t  b < 0 ,  thus s a t is fy in g  the  
a
c r i t e r io n  f o r  th erm al i n s t a b i l i t y .  Hence the  th e rm a l i n s t a b i l i t y  is  o:
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p a r t ic u la r  re lev an c e  to  COp, la s e rs  and is  discussed in  d e t a i l  in  
s ec tio n  1 ,5 ,2 ,
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